AD 


(Leave  blank) 


Award  Number: 

W81 XWH-08-1  -0358 

TITLE : 

Multiadaptive  Plan  (MAP)  IMRT  to  Accommodate  Independent  Movement  of  the 
Prostate  and  Pelvic  Lymph  Nodes 


PRINCIPAL  INVESTIGATOR: 

Ping  Xia ,  Ph . D 


CONTRACTING  ORGANIZATION: 

Cleveland  Clinic  Foundation, 

Cleveland,  OH  44195 


REPORT  DATE: 

June  2013 

TYPE  OF  REPORT: 

Final  Report 


PREPARED  FOR:  U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  (Check  one) 

fpx  Approved  for  public  release;  distribution  unlimited 

□  Distribution  limited  to  U.S.  Government  agencies  only; 
report  contains  proprietary  information 


The  views,  opinions  and/or  findings  contained  in  this  report  are 
those  of  the  author (s)  and  should  not  be  construed  as  an  official 
Department  of  the  Army  position,  policy  or  decision  unless  so 
designated  by  other  documentation. 


1 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES)  8.  PERFORMING  ORGANIZATION  REPORT 

Cleveland  Clinic  Foundation,  NUMBER 

Cleveland,  OH  44195; 


.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Medical  Research 
and  Material  Command 
Fort  Detrick,  Maryland 
21702-5012 


2.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

approved  for  public  release;  distribution  unlimited 


13.  SUPPLEMENTARY  NOTES 

14.  ABSTRACT:  Because  of  the  challenge  of  the  independent  movement  of  the  prostate  relative  to  the  lymph  nodes,  this  research  is 

to  develop  a  novel  method  using  multi-adaptive  plan  (MAP)  IMRT  to  accommodate  independent  movement  of  the  two  targeted 
tumor  volumes.  In  this  project,  we  evaluated  two  adaptive  strategies:  strategy  A  creates  a  set  of  IMRT  plans  individually 
optimizing  on  a  series  of  possible  prostate  positions  in  the  planning  CT;  and  strategy  B  creates  a  set  of  multi-adaptive  plans  by 
dynamically  adjusting  the  radiation  apertures  to  accommodate  the  daily  position  of  the  prostate.  Using  dual  imaging  registration 
method,  we  found  that  the  bi-directional  prostate  movement  in  relative  to  the  pelvic  lymph  nodes,  particular  in  anterior-posterior 
and  superior-inferior  directions,  must  be  considered  with  strategy  A,  which  increases  the  number  of  prepared  IMRT  plans.  Using 
implanted  markers  as  a  surrogate  for  the  location  of  the  prostate  gland  may  mis-interpret  the  rotation  of  the  gland  and  a  special 
caution  is  needed  when  a  large  rotation  is  detected.  The  prostate  rotation  can  be  compensated  with  translational  shifts  of  the 
radiation  portals.  With  current  clinical  planning  margins  of  8mm/6mm  posterior  to  the  prostate  and  5  mm  to  the  pelvic  lymph 
nodes,  the  MLC  tracking  strategy  is  not  necessary.  Further  reduction  in  the  planning  margins  to  the  both  targets  may  require  MLC 
tracking  method  or  real  time  planning. _ 

15.  SUBJECT  TERMS  :  Adaptive  Radiotherapy,  Image  guided  Radiotherapy,  Prostate  cancer,  Pelvic  Lymph  nodes 


0.  SPONSOR/MONITOR’S  ACRONYM(S) 

11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 


Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std.  Z39.18 


2 


PC073349  Final  Report 


November  13,  2009  to  May  12,  2013 
Contact  Information 
Ping  Xia,  Ph.D 

Department  of  Radiation  Oncology 
Cleveland  Clinic 
9500  Euclid  Ave/T28 
Cleveland,  OH  44195 
Tel:  216-444-1398 
Email:  xiap@ccf.org 

Table  of  Contents 

Page 

Cover .  1 

SF  298  .  2 

Table  of  Content .  3 

Introduction . 4 

Body . 4 

Task  1-1.  Atlas-based  Segmentation . 4 

Task  1-2.  Pattern  of  prostate  motion  and  effect  of  prostate  rotation . 5 

Task  1-3:  Magnitude  of  prostate  motion  during  treatment . 6 

Task  2:  Practical  considerations  for  the  novel  multiple  adaptive  planning  strategy . 6 

Task  3-1 :  Comparison  of  ideal  MAP  plans  with  MLC-MAP  plans . 7 

Task  3-2:  Progressive  planning  margin  reductions . 7 

Task  3-3:  Shifting  the  planned  daily  dose  matrix . 9 

Task  3-4:  Sensitivity  and  verification  of  MLC  positions . 10 

Task  4-1 :  Overcome  MLC  leaf  width  limitations . 1 1 

Key  Research  Accomplishments . 12 

Reportable  Outcomes . 13 

Abstracts: . 13 

Peer  reviewed  Publications . 14 

References: . 14 

Personnel  supported  by  this  award . 15 

Appendices . 16 

Appendix  A-L . 16 


3 


Introduction 


It  is  estimated  that  40%  or  more  of  patients  with  intermediate  to  high  risk  prostate  cancer 
will  relapse  locally  and  systemically  within  five  years  after  definitive  radiotherapy.  We 
hypothesize  that  this  high  rate  of  failure  is  partly  due  to  under-irradiation  of  the  pelvic  lymph 
nodes.  One  of  the  challenges  when  using  intensity  modulated  radiation  (IMRT)  in  concurrent 
treatment  of  the  prostate  and  the  pelvic  lymph  nodes  is  the  independent  movement  of  the  prostate 
relative  to  the  lymph  nodes,  rendering  the  conventional  iso-center  shifting  method  of  tracking 
prostate  movement  inadequate.  The  purpose  of  this  research  is  to  develop  a  novel  method  using 
multi-adaptive  plan  (MAP)  IMRT  to  accommodate  independent  movement  of  the  two  targeted 
tumor  volumes.  In  order  to  evaluate  effectiveness  of  the  MAP  IMRT  approach,  we  first 
established  a  baseline  benchmark  by  creating  a  set  of  ideal  IMRT  plans  for  each  patient  based  on 
the  daily  acquired  mega-voltage  (MV)  or  kilo-voltage  (KV)  cone  beam  computed  tomography 
(CBCT),  which  represents  the  ideal  case  of  daily  online  treatment  planning.  Based  on  this 
established  benchmark,  we  can  further  evaluate  two  adaptive  strategies:  strategy  A  creates  a  set 
of  IMRT  plans  individually  optimizing  on  a  series  of  possible  prostate  positions  in  the  planning 
CT;  and  strategy  B  creates  a  set  of  multi-adaptive  plans  by  dynamically  adjusting  the  radiation 
apertures  to  accommodate  the  daily  position  of  the  prostate. 


Body 

Task  1-1.  Atlas-based  Segmentation 

To  validate  MAP  strategy,  we  recognized  that  task  of  delineating  the  prostate,  rectum, 
and  bladder  on  daily  verification  images  can  be  time  consuming.  We  sought  to  develop  a 
computer  assisted,  atlas-based  segmentation  method  for  target  volume  delineation  in  whole 
pelvic  IMRT  for  prostate  cancer.  This  work  was  reported  in  the  annual  report  of  2010.  The 
manuscript  has  been  published  (1)  and  in  Appendix  A.  Briefly,  from  an  IRB  approved  registry  at 
the  University  of  Califomia-San  Francisco  (UCSF),  we  selected  planning  data  from  44  patients. 
From  44  planning  CTs  and  the  associated  contours  of  the  pelvic  lymph  nodes,  prostate,  rectum, 
and  bladder,  we  constructed  a  general  atlas.  This  atlas  was  then  applied  to  a  separate  set  of 
planning  data  from  fifteen  patients  (also  selected  from  an  IRB  approved  registry  of  UCSF)  to  test 
utility  of  the  atlas-based  segmentation  method.  From  the  atlas,  we  found  that  there  are  significant 
inter-physician  differences  among  the  target  volumes  contoured  by  different  physicians, 
particularly  for  pelvic  lymph  nodal  volume.  The  atlas-based  segmentation  for  pelvic  lymph  node 
delineation  can  serve  as  an  initial  guideline  for  physicians,  potentially  improving  both 
consistency  and  efficiency  in  contouring. 

Using  the  atlas-based  segmentation,  we  found  that  the  average  overlap  between  the 
manually  drawn  and  atlas-based  contours  for  the  prostate,  pelvic  lymph  nodes,  and  rectum  was 
60%,  51%,  and  64%,  respectively.  The  volume  differences  were  significant  in  the  rectum  and 
pelvic  lymph  nodes  {p  =  0.049  and  p  =  0.016,  respectively);  this  was  not  true  for  the  prostate. 
These  results  were  also  reported  in  the  annual  report  of  2010. 

Because  the  atlas-based  auto-segmentation  tool  achieved  a  modest  success  (1),  we  hypothesized 
that  a  patient  specific  atlas-based  segmentation  tool  can  improve  the  overlap  indices  between  the 
manually  drawn  and  automatic  contours  significantly  when  compared  to  the  general  patient  atlas 
method  (1).  The  preliminary  results  of  using  the  patient  specific  atlas  were  reported  in  in  the 
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annual  report  of  2011,  and  a  manuscript  is  in  Appendix  B.  Using  a  planning  CT  as  a  single 
image-set  atlas,  we  found  the  overlap  indices  were  86.9%,  82.9%,  and  91.4%  for  the  prostate, 
rectum,  and  bladder. 

Task  1-2.  Pattern  of  prostate  motion  and  effect  of  prostate  rotation 

As  reported  in  the  annual  reports  of  2010  and  2011,  we  encountered  large  rotations  of  the 
prostates  from  eight  patients  when  aligning  the  implanted  markers  as  stated  in  SOW  Task  1. 
Due  to  the  limited  soft  tissue  contrast  in  mega-voltage  cone  beam  CT  (MV-  CBCT),  the  source 
of  the  rotation  such  as  the  migration  of  the  markers  or  a  true  rotation  of  the  prostate,  could  not  be 
determined.  From  an  IRB  approved  registry  of  prostate  cancer  at  Cleveland  Clinic,  we  identified 
five  patients,  with  43  kilo-voltage  cone  beam  CT  (KV-CBCT)  and  implanted  markers.  With 
these  KV-CBCTs,  we  were  able  to  manually  delineate  the  prostate,  bladder,  and  rectum  on  each 
KV-CBCT  to  quantify  geometric  and  dosimetric  effects  if  the  prostate  rotations  are  not  corrected 
and  if  they  can  be  compensated  with  translational  shifts.  To  eliminate  potential  setup  errors,  we 
first  co-registered  each  CBCT  with  its  corresponding  planning  CT  based  on  the  pelvic  bony 
alignment.  Subtracting  these  shifts  from  other  alignment  methods,  we  obtained  the  prostate 
displacements  relative  to  the  bone.  This  work  was  reported  in  the  annual  report  of  2011.  The 
manuscript  has  been  published  (2)  and  listed  in  Appendix  C. 

Briefly,  the  prostate  contours  from  the  planning  CT  and  CBCT  were  aligned  manually  to  achieve 
the  best  overlaps.  This  contour  registration  served  as  the  benchmark  method  for  comparison  with 
two  marker  registration  methods:  (a)  using  six  degrees  of  freedom  but  rotations  were  not 
corrected  (ROT_NC);  and  (b)  using  three  degrees  of  freedom  while  compensating  rotations  into 
the  translational  shifts  (ROTC).  The  center  of  mass  distance  (CMD)  and  overlap  index  (OI) 
were  used  to  evaluate  these  two  methods.  The  dosimetric  effects  were  also  analyzed  by 
comparing  the  dose  coverage  of  the  prostate  clinical  target  volume  (CTV)  in  relation  to  the 
planning  margins.  According  to  our  analysis,  the  detected  rotations  dominated  in  the  left-right 
axis  with  systematic  and  random  components  of  4.6°  and  4.1°,  respectively.  When  the  rotational 
angle  were  greater  than  10°,  the  differences  in  CMD  between  the  two  registrations  were  greater 
than  5  mm  in  85.7%  of  these  fractions;  when  the  rotational  angle  were  greater  than  6°,  the 
differences  of  CMD  were  greater  than  4  mm  in  61.1%  of  these  fractions.  With  6  mm/4  mm 
posterior  planning  margins,  the  average  difference  between  the  dose  to  99%  (D99)  of  the 
prostate  in  CBCTs  and  the  planning  D99  of  the  prostate  was  (-8.0  ±  12.3)  %  for  the  ROTNC 
registration,  and  (-3.6  ±  9.0)  %  for  the  ROTC  registration  (p  =  0.01).  When  the  planning  margin 
decreased  to  4  mm/2  mm  posterior,  the  average  difference  in  D99  of  the  prostate  was  (-22.0  ± 
16.2)  %  and  (-15.1  ±  15.2)  %  for  the  ROT  NC  and  ROT  C  methods,  respectively  (p  <  0.05). 

In  conclusion,  we  found  that  that  the  rotation  of  the  prostate  resulting  from  marker  registration 
may  be  substantial.  Without  correcting  the  rotational  error,  inadequate  dosimetric  coverage  to  the 
prostate  may  result,  especially  when  the  rotations  are  large.  Purposely  placing  the  iso-center, 
which  is  presumed  to  be  the  rotation  center  of  the  image  registration  method,  close  to  the 
centriod  of  the  implanted  markers  can  minimize  the  potential  rotational  error  when  an  automatic 
marker  registration  method  is  applied  without  a  six-degree  couch.  Otherwise,  manually 
registering  the  implanted  markers  with  translational  shifts,  which  partially  compensates  rotations, 
is  recommended,  especially  when  the  magnitude  of  the  rotation  is  large. 
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Task  1-3:  Magnitude  of  prostate  motion  during  treatment 


We  studied  the  prostate  motion  between  treatments  in  previous  task  (task  1-2).  Using  collected 
data  from  an  IRB  approved  registry  from  Cleveland  Clinic,  we  studied  magnitude  of  prostate 
motion  during  treatment.  We  retrospectively  analyzed  1,045  fractions  of  real-time  prostate 
tracking  data  from  3 1  patients.  For  patients  treated  without  real  time  tracking,  we  investigated 
the  relationship  imaging  frequency  during  treatment  and  planning  margin  to  account  for 
intraffaction  prostate  motion  by  simulating  online  intraffaction  position  correction  at  various 
imaging  frequencies.  The  result  of  this  study  showed  that  the  magnitude  of  intrafraction  prostate 
motion  along  the  superior-inferior  and  anterior-posterior  directions  is  comparable  and  the 
smallest  magnitude  is  in  the  left-right  direction.  Under  ideal  position  correction  circumstances,  1 
mm,  2  mm,  and  3  mm  vector  planning  margins  require  an  imaging  frequency  of  every  15 
seconds,  60  second,  and  240  seconds  to  account  for  intrafraction  prostate  motion,  respectively. 
This  work  has  been  published  (3).  The  manuscript  is  listed  in  Appendix  D 

Task  2:  Practical  considerations  for  the  novel  multiple  adaptive  planning 
strategy 

Based  on  the  results  from  Task  1,  we  recognized  that  most  significant  prostate  movements  are 
along  the  longitudinal  and  vertical  directions.  Failure  to  accommodate  simultaneous  movements 
in  these  two  directions  may  result  in  inadequate  dose  coverage  for  the  prostate  as  we  showed  in 
the  published  paper  [4]  (appendix  E).  The  question  is  how  many  plans  can  adequately  account 
for  multi-directional  movements  of  the  prostate  (task  2-3  in  SOW).  In  this  study,  we  provided  a 
guideline  for  the  minimum  number  of  plans  required  for  clinically  implementing  the  MAP 
technique.  This  work  was  reported  in  the  annual  report  of  2010.  The  manuscript  is  in  appendix  F. 

Briefly,  from  data  of  six  patients,  who  received  concurrent  irradiation  of  the  prostate  and  PLNs, 
nine  IMRT  plans  were  created  for  each  patient  with  nine  presumed  prostate  movements:  5  mm 
in  either  the  anterior-posterior  (A-P),  or  superior-inferior  (S-I),  or  simultaneous  5  mm 
movements  in  these  two  directions.  From  treatment  data  of  the  six  patients,  thirty  three  fractions 
with  usable  megavoltage  (MV)  cone-beam  CT  (CBCT)  images  were  identified.  Through  a 
process  of  dual  image  registrations  between  simulation  CT  and  MV-CBCT:  by  aligning  to  the 
implanted  markers  inside  the  prostate  and  by  aligning  to  the  pelvic  bones,  large  prostate 
displacements  (>  3  mm  in  any  directions)  with  respect  to  pelvic  bones  were  found  in  17  of  these 
33  fractions.  For  each  of  these  17  fractions,  one  MAP  plan  was  selected  and  applied  to  the 
corresponding  MV-CBCT  images  for  fraction  dose  calculation.  For  comparison,  an  isocenter 
shifted  plan  and  an  adaptive  plan  based  on  the  MV-CBCT  were  also  created  for  each  of  these  17 
fractions.  The  dose  to  95%  (D95)  of  the  prostate  and  PLNs,  and  the  dose  to  5%  (D5)  of  the 
rectum  and  bladder  were  calculated  and  analyzed. 

For  the  prostate,  D95  >  97%  of  the  prescription  dose  was  achieved  in  16,  16,  and  17  of  17 
fractions  for  the  MAP,  iso-shifting,  and  ART  plans,  respectively.  For  PLNs,  D95  >  97%  of  the 
prescription  doses  was  achieved  in  10,  3,  and  17  of  17  fractions  for  the  MAP,  iso-shifting,  and 
rART  plans,  respectively.  The  average  (±  1SD)  D5  of  the  rectum  was  45.78  ±  5.75  Gy,  45.44  ± 
4.64  Gy,  and  44.64  ±  2.71  Gy,  and  the  average  (±  1SD)  D5  of  the  bladder  was  45.18  ±  2.70  Gy, 
46.91  ±  3.04  Gy,  and  45.67  ±3.61  Gy  for  the  MAP,  iso-shifting,  and  rART  plans,  respectively. 

Although  extra  planning  effort  is  required,  we  found  that  the  MAP  strategy  with  nine  IMRT 
plans  achieved  similar  dose  coverage  to  the  prostate  but  improved  dose  coverage  to  PLNs  when 
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compared  to  the  conventional  iso-shifting  technique.  The  MAP  approach  can  be  immediately 
used  in  clinical  practice  without  requiring  extra  hardware  and  software. 

Task  3-1:  Comparison  of  ideal  MAP  plans  with  MLC-MAP  plans 

To  establish  evaluation  criteria  for  our  proposed  adaptive  strategies,  we  created  a  set  of  IMRT 
plans,  which  retrospectively  simulate  real-time  planning  based  on  the  acquired  daily  verification 
images.  These  sets  of  simulated  real-time  plans  are  referred  to  as  ideal  MAP  plans.  Because  of 
real  time  planning  is  yet  clinically  practical,  we  proposed  an  adaptive  strategy  by  shifting  multi¬ 
leaf  collimator  (MLC)  leaves  without  requiring  real-time  planning  or  dose  recalculation.  The 
plans  created  with  this  method  are  referred  to  as  MLC-MAP  plans.  This  work  is  now  accepted 
for  publication  (5)  and  the  major  results  were  reported  in  the  annual  report  201 1  and  2012.  The 
manuscript  is  in  appendix  G. 

Briefly,  a  total  of  124  kilo-voltage  cone-beam  computed  tomography  (kV-CBCT)  images  from 
six  patients  were  studied.  For  each  KV-CBCT,  four  plans  were  retrospectively  created  using  an 
iso-center  shifting  methods  with  two  different  alignment  focuses  (prostate,  PLN),  MLC  shifting 
method,  and  the  adaptive  real-time  planning  (ART)  method.  The  selected  dosimetric  endpoints 
were  compared  among  these  plans. 

For  the  iso-shift-contour,  iso-shift-bone,  MLC-shift,  and  ART  plans,  D99  of  the  prostate  was 
>97%  of  the  prescription  dose  in  97.6%,  73.4%,  98.4%,  and  96.8%  of  124  fractions, 
respectively.  Accordingly,  D99  of  the  PLN  was  >97%  of  the  prescription  dose  in  98.4%,  98.4%, 
98.4%,  and  100%  of  124  fractions,  respectively.  For  the  rectum,  D5  exceeded  105%  of  the 
planned  D5  (and  D5  of  ART  plans)  in  11%  (4%),  10%  (2%),  and  13%  (5%)  of  124  fractions, 
respectively.  For  the  bladder,  D5  exceeded  105%  of  the  planned  D5  (and  D5  of  ART)  plans  in 
0%  (2%),  0%  (2%),  and  0%  (1%)  of  124  fraction,  respectively. 

We  concluded  that  for  concurrent  treatment  of  the  prostate  and  PLN,  with  a  planning  margin  to 
the  prostate  of  8mm/6mm  posterior  and  a  planning  margin  of  5mm  to  the  PLN,  aligning  to  the 
prostate  soft  tissue  can  achieve  adequate  dose  coverage  to  the  both  target  volumes;  aligning  to 
the  pelvic  bone  would  result  in  underdosing  to  the  prostate  in  1/3  of  fractions.  With  these 
planning  margins,  MLC  tracking  and  ART  methods  have  no  dosimetric  advantages.  Further 
reduction  of  the  planning  margins  to  less  than  5  mm,  MLC  tracking  and  ART  method  may 
indicated,  especially  for  stereotactic  body  radiotherapy  (SBRT)  of  prostate. 

Task  3-2:  Progressive  planning  margin  reductions 

From  Task  3-1,  we  found  MLC  tracking  is  not  necessary  when  a  planning  margin  for  the  prostate 
is  8mm/6mm  posterior.  When  the  planning  margins  to  the  prostate  while  keeping  5  mm  planning 
margin  to  the  PLN  are  further  reduced,  we  designed  a  study  to  investigate  the  advantage  of  the 
MLC  tracking  method.  The  abstract  of  this  work  has  been  accepted  by  the  annual  meeting  of 
AAPM  2013  and  listed  in  Appendix  H. 

Briefly,  ninety- four  daily  CBCTs  from  five  patients  who  received  concurrent  IMRT  treatment 
for  the  prostate  and  PLN  with  a  clinical  planning  margin  to  the  prostate  of  8mm/6mm  posterior 
M(8,6)),  and  5mm  to  the  PLN,  were  selected.  Using  the  same  planning  beam  directions,  three 
additional  IMRT  plans  were  created  retrospectively  for  each  patient  with  prostate  planning 
margins  of  6mm/4mm  posterior  (M(6,4))  ,  4mm/2mm  posterior  (M(4,2))  and  2mm  uniform 
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margin  (M(2,2)).  The  PLN  planning  margin  remained  5mm.  Subsequently,  each  plan  was 
applied  to  the  daily  CBCT  using  MLC  and  iso-center-contour  shifting  methods.  D95  of  the 
prostate  and  D95  of  the  PLN,  and  D5  of  the  rectum  and  D5  of  the  bladder  were  compared. 

Table  1  lists  the  detailed  results.  For  both  MLC  and  iso-center-contour  shifting  method,  D95  of 
the  prostate  was  >  97%  of  the  prescription  dose  in  97.8%(100%),  98.9%(97.9%),  95.8%(97.9%), 
and  93.7%(96.8%)  of  94  fractions,  for  M(8,6),  M(6,4),  M(4,2),  and  M(2,2)  respectively. 
Accordingly,  D95  of  the  PLN  was  >  97%  of  the  prescription  dose  in  98.9%  (100%),  100% 
(98.9%),  98.9%(98.9%),  and  100%(98.9%)  of  94  fractions,  for  M(8,6),  M(6,4),  M(4,2),  and 
M(2,2)  respectively.  Figure  1  and  Figure  2  show  dose  volume  histograms  of  the  bladder  and 
rectum  for  a  selected  patient.  Quantitatively,  D5  of  the  rectum  exceeded  105%  of  the  original 
IMRT  D5  for  the  MLC-shift  (and  iso-shift-contour)  plans  in  16%(14.9%),  14.9%(16.4%), 
5.4%(12.2%)  and  4.3%(12.2%)  of  94  fractions  for  M(8,6),  M(6,4),  M(4,2),  and  M(2,2) 
respectively.  D5  of  the  bladder  exceeded  105%  of  the  original  IMRT  D5  for  the  MLC-shift  (and 
iso-shift-contour)  plans  in  0%(1.1%),  6.4%(3.2%),  13.9%(4.3%),  and  8.6%(4.3%)  of  94 
fractions,  for  M(8,6),  M(6,4),  M(4,2),  and  M(2,2)  respectively. 

In  conclusion,  With  5  mm  planning  margin  to  the  PLN,  both  MLC  tracking  and  iso-center 
shifting  method  can  achieve  adequate  dose  coverage  to  the  both  target  when  the  planning  margin 
to  the  prostate  reduced  to  4mm/2mm  posterior. 

Table  1:  Dose  coverage  to  the  prostate  and  PLN  with  four  different  planning  margins 


Daily  D95  normalized  to  D95  of  the 
original  IMRT  plans 

Daily  D95  normalized  to  the 
prescription  dose 

Daily  D95  normalized  to  97%  of  the 
prescription  dose 

MLC 

Prostate(%) 

LN(%) 

Prostate(%) 

LN(%) 

Prostate(%) 

LN(%) 

M(8,6) 

97.9 

98.9 

96.8 

92.7 

97.9 

98.9 

M(6,4) 

96.8 

100 

95.8 

89.5 

98.9 

100 

M(4,2) 

91.9 

98.9 

83.3 

85.4 

95.8 

98.9 

M(2,2) 

89.5 

100 

86.4 

89.5 

93.7 

100 

Iso-Contour 

M(8,6) 

100 

100 

97.9 

90.6 

100 

100 

M(6,4) 

97.9 

98.9 

96.8 

91.6 

97.9 

98.9 

M(4,2) 

93.7 

98.9 

82.2 

90.6 

97.9 

98.9 

M(2,2) 

90.6 

98.9 

88.5 

96.8 

96.8 

98.9 

BLADDER 
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Figure  1:  DVHs  of  the  bladder  with  four  different  planning  margins  for  a  selected  patient. 

(M0(8mm/6mm  posterior);  Ml(6mm/4mm  posterior);  M2(4mm/2mm  posterior);  M3(2mm 
uniform);  M4  (0  uniform)) 


RECTUM 


- MO - Ml  - M2  M3 - M4 


Figure  2:  DVHs  of  the  rectum  with  four  different  planning  margins  for  a  selected  patient. 
(M0(8mm/6mm  posterior);  Ml(6mm/4mm  posterior);  M2(4mm/2mm  posterior);  M3(2mm 
uniform);  M4  (0  uniform)) 


Task  3-3:  Shifting  the  planned  daily  dose  matrix 

As  reported  from  the  annual  report  of  2012,  we  applied  the  shifted  MLC  portals  to  the 
corresponding  KV-CBCT  or  MV-CBCT  and  calculated  daily  dose  distribution  using  the 
commercial  treatment  planning  system  (Pinnacle,  Philips  Medical  Systems).  The  calculated 
daily  dose  provided  us  dosimetric  information  for  each  fraction.  To  assess  the  impact  of 
treatment  outcomes,  we  want  to  know  the  cumulative  treatment  effect  -  the  total  dose  from  all 
treatment  days.  Because  of  different  reference  frames  from  daily  images,  we  could  not  obtain 
cumulative  doses  from  the  daily  calculated  dose  without  using  deformable  image  registration. 
The  uncertainty  in  deformable  imaging  registration  might  lead  to  erroneous  cumulative  dose. 
Alternatively,  knowing  the  daily  iso-center  shift  from  aligning  to  the  prostate  contour,  we  could 
shift  the  planned  dose  matrix  on  the  opposite  directions  of  the  iso-center  shift.  Because  the 
shifted  planned  dose  matrices  were  from  the  same  reference  frame,  we  could  sum  these  dose 
matrices  together  to  obtain  a  cumulative  dose.  For  this  purpose,  we  developed  an  in-house 
program  written  in  MATLAB  to  shift  the  planned  daily  dose  matrix  according  to  the  iso-center 
shifts  by  aligning  to  the  prostate  contours.  The  shifted  matrices  were  input  to  the  Computational 
Environment  for  Radiotherapy  Research  (CERR)  software  for  display  and  other  analysis.  The 
preliminary  result  of  this  work  has  presented  in  the  annual  meeting  of  American  Association  of 
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Physicist  in  Medicine  (AAPM)  of  2012.  The  manuscript  of  this  work  is  under  preparation.  The 
abstract  is  in  Appendix  I. 


Task  3-4:  Sensitivity  and  verification  of  MLC  positions 

To  experimentally  verify  accuracy  of  MLC  position  shift,  we  designed  a  series  of  experiments  to 
investigate  the  detection  sensitivity  of  a  commercially  available  two-dimensional  ionization 
chamber  array  (MatriXX)  for  MLC  leaf  positioning  errors.  The  abstract  of  this  work  has  been 
accepted  by  the  Annual  Meeting  of  American  Association  of  Physicists  in  Medicine  (AAPM)  of 
2013  and  is  listed  in  Appendix  J. 

Briefly,  a  single  square  field  (10  X  10  cm2)  and  a  clinical  IMRT  plan  for  a  prostate  case  with  5 
fields  (0°,  50°,  100°,  260°,  310°)  were  evaluated  in  this  study.  Systematic  MLC  leaf  positioning 
errors  (±1,  ±2,  ±3  mm)  for  one  side  of  the  leaf  bank  in  the  square  field  and  the  IMRT  fields  were 
purposely  introduced  into  the  plan  in  the  treatment  planning  system  (TPS).  To  test  the  effect  of 
the  ion  chamber  resolution  (7.62  mm),  the  center  of  the  square  field  was  shifted  to  different 
locations  at  1  mm  interval  in  relationship  to  the  ion  chamber  positions.  Both  treatment  plans  with 
and  without  leaf  positioning  errors  were  delivered  and  measured  with  a  commercial  MatriXX 
device.  To  eliminate  potential  beam  modeling  errors  from  the  TPS,  the  Gamma  index  of  each 
measured  planar  field  was  directly  calculated  between  with  and  without  errors. 

For  the  square  field,  the  Gamma  indices  of  3%/3mm  were  99.8%  and  98.8%  for  1mm  and  2  mm 
leaf  positioning  error,  respectively;  the  Gamma  indices  of  2%/2mm  were  98.8%  and  97.5%  for 
1mm  and  2  mm  error,  respectively.  The  Gamma  index  was  independent  of  the  error  positions 
relative  to  the  chamber  positions.  For  the  clinical  prostate  treatment  plan,  the  average  Gamma 
indices  of  3%/3mm  for  5  fields  were  100%,  99.8%,  and  98.6%  for  1  mm,  2  mm,  and  3  mm  error, 
respectively;  the  average  Gamma  indices  of  2%/2mm  were  99.8%,  98.3%,  and  96.6%  for  1  mm, 
2  mm,  and  3  mm  error,  respectively. 

Figure  3  showed  the  measured  dose  map  from  a  selected  beam  angle.  From  two  selected 
directions,  the  measured  profiles  with  no  MLC  positional  error,  and  with  2mm  and  3mm 
purposed  introduced  MLC  positional  errors  were  compared  with  the  calculated  profiles  without 
MLC  positional  errors. 


In  conclusion,  using  the  Gamma  passing  rate  of  99%  for  3%/3mm  as  a  criterion,  the  MatriXX  2D 
array  can  detect  2  mm  leaf  positioning  error  for  a  single  field,  and  3  mm  error  for  composited 
multiple  fields. 
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Figure  3:  The  measured  dose  map  from  a  selected  beam  angle.  From  two  selected  directions, 
the  measured  profiles  with  no  MLC  positional  error,  and  with  2mm  and  3mm  purposed 
introduced  MLC  positional  errors  were  compared  with  the  calculated  profiles  without  MLC 
positional  errors. 


Task  4-1:  Overcome  MLC  leaf  width  limitations 

Our  previous  study  (3)  showed  that  adjusting  selected  MCL  leaf  pairs  to  follow  prostate 
movement  is  an  effective  strategy  to  account  for  daily  prostate  displacement  during  concurrent 
treatment  with  the  pelvic  lymph  nodes.  The  MLC  leaf  width  affects  quality  of  MLC  shifting 
plans  for  the  longitudinal  prostate  motion  compensation.  This  study  is  to  investigate  the  effect  of 
the  MLC  leaf  width  in  compensation  of  the  prostate  movement.  This  work  has  been  published 
(6).  The  preliminary  results  were  reported  in  the  annual  report  of  2012.  The  manuscript  is  in 
appendix  K. 

Briefly,  seventy-five  kilo-voltage  cone  beam  CTs  (KV-CBCT)  from  six  patients  were  included 
for  this  retrospective  study.  For  each  patient,  three  different  IMRT  plans  were  created  based  on  a 
planning  CT  using  three  different  MLC  leaf  widths  of  2.5  mm,  5  mm,  and  10  mm,  respectively. 
For  each  CBCT,  the  prostate  displacement  was  determined  by  a  dual  image  registration. 
Adaptive  plans  were  created  by  shifting  selected  MLC  leaf  pairs  to  compensate  for  daily  prostate 
movements.  To  evaluate  the  impact  of  MLC  leaf  width  on  the  adaptive  plan  for  each  daily 
CBCT,  three  MLC  shifted  plans  were  created  using  three  different  leaf  widths  of  MLCs  (a  total 
of  225  adaptive  treatment  plans).  Selective  dosimetric  endpoints  for  the  tumor  volumes  and 
organs  at  risk  (OARs)  were  evaluated  for  these  adaptive  plans.  Using  the  planning  CT  from  a 
selected  patient,  MLC  shifted  plans  for  three  hypothetical  longitudinal  shifts  of  2  mm,  4  mm,  and 
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8  mm  were  delivered  on  the  three  linear  accelerators  to  test  the  deliverability  of  the  shifted  plans 
and  to  compare  the  dose  accuracy  of  the  shifted  plans  with  the  original  IMRT  plans. 

Adaptive  plans  from  2.5mm-  and  5mm-MLCs  had  inadequate  dose  coverage  to  the  prostate  (D99 
<  97%,  or  Dmean<  99%  of  the  planned  dose)  in  6%  ~  8%  of  the  fractions,  while  adaptive  plans 
from  lOmm-MLC  led  to  inadequate  dose  coverage  to  the  prostate  in  25.3%  of  the  fractions.  The 
average  V56Gy  of  the  prostate  over  the  six  patients  was  improved  by  6.4%  (1.6%  ~  32.7%)  and 
5.8%  (1.5%  ~  35.7%)  with  adaptive  plans  from  2.5mm-  and  5mm-MLCs,  respectively,  when 
compared  with  adaptive  plans  from  lOmm-MLC.  Pelvic  lymph  nodes  were  well  covered  for  all 
MLC  adaptive  plans,  as  small  differences  were  observed  for  D99,  Dmean  and  V5o.4Gy-  Similar 
OAR  sparing  could  be  achieved  for  the  bladder  and  rectum  with  all  three  MLCs  for  treatment 
adaptation.  The  MLC  shifted  plans  can  be  accurately  delivered  on  all  three  linear  accelerators 
with  accuracy  similar  to  their  original  IMRT  plans,  where  Gamma  (3%/3mm)  passing  rates  were 
99.6%,  93.0%,  and  92.1%  for  2.5mm-,  5mm-,  and  lOmm-MLCs,  respectively.  The  percentages 
of  pixels  with  dose  differences  between  the  measurement  and  calculation  being  less  than  3%  of 
the  maximum  dose  were  85.9%,  82.5%,  and  70.5%  for  the  original  IMRT  plans  from  the  three 
MLCs,  respectively. 

In  conclusion,  dosimetric  advantages  associated  with  smaller  MLC  leaves  were  observed  in 
terms  of  the  coverage  to  the  prostate,  when  the  treatment  was  adapted  to  account  for  daily 
prostate  movement  for  concurrent  irradiation  of  the  prostate  and  pelvic  lymph  nodes.  The  benefit 
of  switching  the  MLC  from  10  mm  to  5  mm  was  significant  (p  «  0.01);  however,  switching  the 
MLC  from  5  mm  to  2.5  mm  would  not  gain  significant  (p  =  0.15)  improvement.  IMRT  plans 
with  smaller  MLC  leaf  widths  achieved  more  accurate  dose  delivery. 


Key  Research  Accomplishments 

(a)  We  found  that  the  rotation  detected  by  registering  implanted  markers  may  not  reflect 
true  rotation  of  the  prostate.  Ignoring  these  detected  rotation  may  lead  to  erroneous 
errors  of  determining  the  true  prostate  potion. 

(b)  We  found  that  compensating  for  the  prostate  rotations  detected  based  on  marker 
registration  can  be  compensated  with  translational  shifts.  Such  compensation  will 
significantly  improve  geometric  and  dosimetric  indices. 

(c)  We  found  that  iso-center  shifting  based  on  the  bony  alignment  plans  achieved 
adequate  dose  coverage  for  the  pelvic  lymph  nodes,  but  not  sufficient  for  the  prostate. 
In  contrary,  the  iso-center  shifting  based  on  the  prostate  contour  alignment  plans 
achieved  adequate  dose  coverage  for  the  prostate,  but  not  sufficient  for  the  pelvic 
lymph  nodes.  MLC-shifting  plans  provide  the  best  compromised  solution. 

(d)  Using  dual  imaging  registration  method,  we  found  that  the  bi-directional  prostate 
movement  in  relative  to  the  pelvic  lymph  nodes,  particular  in  anterior-posterior  and 
superior-inferior  directions,  must  be  considered  with  strategy  A,  which  increases  the 
number  of  prepared  IMRT  plans. 

(e)  We  concluded  that  depending  on  the  prostate  displacement  patterns,  aligning  daily 
images  to  the  pelvic  bones  would  require  a  planning  margin  of  the  prostate  greater 
than  8  mm/6  mm  posterior.  Aligning  to  the  prostate  soft  tissue,  a  planning  margin  of 
5  mm  to  the  PLN  is  adequate  and  the  planning  margin  to  the  prostate  can  be  further 
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reduced.  With  reduced  planning  margins  or  greater  magnitudes  of  the  prostate 
displacement,  MLC-shifting  method  may  be  beneficial. 

(f)  According  to  the  studied  prostate  motion  pattern,  we  found  that  using  a  leaf  width  of 

5  mm  is  sufficient  to  accommodate  MLC-shifting  method  in  compensation  of  the 
prostate  movement  in  the  longitudinal  direction. 


Reportable  Outcomes 
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The  purpose  of  this  study  is  to  evaluate  whether  computer-assisted  segmentation  is  clini¬ 
cally  feasible  in  target  volume  delineation  for  prostate  cancer  patients  treated  with  whole 
pelvic  IMRT.  An  atlas  was  created,  comprised  of  44  clinically  node-negative  prostate  cancer 
patients.  Three  regions  of  interest  (ROIs)  were  chosen  for  analysis:  prostate,  pelvic  lymph 
nodes,  and  rectum.  For  a  separate  tester  set  of  15  patients  with  previously  contoured  ROIs 
by  three  experienced  physicians,  atlas-assisted  contours  were  compared  to  manual  con¬ 
tours  by  calculating  a  volumetric  overlap  index.  In  the  tester  set  patients,  the  average  over¬ 
lap  between  the  manually  drawn  and  atlas-based  contours  for  the  prostate,  pelvic  lymph 
nodes,  and  rectum  was  60%,  51%,  and  64%,  respectively.  The  volume  differences  were 
significant  in  the  rectum  and  pelvic  lymph  nodes  (p  =  0.049  and  p  =  0.016,  respectively); 
this  was  not  true  for  the  prostate.  A  subset  analysis  based  on  physician-specific  atlases 
showed  that  the  average  overlap  index  for  the  pelvic  lymph  nodal  volume  increased  from 
51%  to  60%,  while  the  other  ROIs  had  no  significant  changes.  Despite  significant  inter¬ 
physician  differences,  atlas-based  segmentation  for  pelvic  lymph  node  delineation  serves 
as  an  initial  guideline  for  physicians,  potentially  improving  both  consistency  and  efficiency 
in  contouring. 

Key  words:  Prostate  cancer;  Target  volume  delineation;  Pelvic  lymph  nodes;  Automatic 
segmentation;  Computer-assisted. 

Introduction 

Intensity-modulated  radiation  therapy  (IMRT)  has  become  a  standard  prac¬ 
tice  in  the  treatment  of  localized  prostate  cancer.  The  dosimetric  superiority  of 
IMRT  over  conventional  external  beam  techniques  has  allowed  for  better  dose 
conformality  to  target  volumes  and  improved  sparing  of  critical  normal  tissues. 
Enhanced  dose  distributions  have  made  it  possible  to  escalate  the  delivered  radio¬ 
therapy  dose,  resulting  in  both  improved  tumor  control  and  reduced  treatment 
toxicity. 

Conformal  radiotherapy  techniques  such  as  IMRT  are  based  on  the  accurate  delin¬ 
eation  of  target  volumes  using  computed  tomography  (CT)  planning  systems. 
In  the  case  of  advanced  prostate  cancer,  whole  pelvic  IMRT  typically  requires 
contouring  the  prostate,  lymph  nodes,  and  seminal  vesicles  as  well  as  selected 
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normal  structures  in  proximity.  Physicians  in  high- volume 
centers  allocate  a  significant  amount  of  time  and  resources 
for  this  laborious  job.  Several  studies  (1,  2)  have  highlighted 
the  time-consuming  nature  of  manual  contouring  for  IMRT 
in  the  treatment  of  both  prostate  and  head  and  neck  (HN)  can¬ 
cer.  Miles  et  al.  (2)  reported  an  average  time  spend  on  target 
delineation  per  patient  was  1 .4  hours  prostate  alone  treatment 
and  2.3  hours  for  HN  treatment,  respectively.  Hong  et  al.  ( 1) 
showed  that  physicians  spent  an  average  of  100  minutes  con¬ 
touring  HN  tumor  volumes  and  critical  structures. 

Substantial  variations  have  also  been  observed  among  physi¬ 
cians  in  the  contouring  of  target  volumes  and  critical  structures. 
Hong  et  al.  (1)  observed  significant  differences  in  the  deter¬ 
mination  (what  to  include)  and  delineation  (where  to  contour) 
of  HN  targets  among  20  physicians  from  various  well-known 
institutions.  A  recent  study  reported  by  Lawton  et  al.  (3)  also 
showed  significant  disagreements  in  the  definitions  of  iliac  and 
presacral  clinical  target  volumes  (CTVs)  for  pelvic  nodal  radia¬ 
tion  between  different  genitourinary  radiation  oncologists. 

An  increasing  literature  documents  the  use  of  computer- 
assisted  target  volume  delineation  (CAT)  systems  for 


contouring.  Several  studies  (4-6)  have  shown  promising 
results  in  decreasing  the  amount  of  time  spent  on  this  task 
as  well  as  reducing  variation  amongst  physicians  contour¬ 
ing  the  same  structures.  The  purpose  of  this  study  was  to 
evaluate  whether  computer-assisted  segmentation  using 
a  pre-defined  atlas  is  feasible  clinically  in  target  volume 
delineation  in  prostate  cancer  patients  treated  with  whole 
pelvic  IMRT. 

Materials  and  Methods 

Computer- Assisted  Target  Volume  Delineation  ( CAT) 

System 

A  commercially  available  program  was  used  for  atlas  cre¬ 
ation  and  subsequent  segmentation  (automatic  contour 
generation).  An  overview  of  the  steps  involved  in  this  pro¬ 
cess  is  shown  in  Figure  1.  Assuming  that  pelvic  lymph 
node  distributions  do  not  vary  drastically  from  patient 
to  patient,  patients  with  similar  pelvic  anatomy  presum¬ 
ably  also  have  similar  pelvic  node  distributions,  exclud¬ 
ing  enlarged  lymph  nodes.  Based  on  this  assumption,  an 
uncontoured  CT  scan  of  a  subject  can  be  automatically 


Figure  1:  Overview  of  atlas-based  segmentation  (A)  Shows  atlas  construction;  (B)  Shows  Segmentation. 
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segmented  based  on  previously  contoured  CT  scans  of 
patients  with  similar  pelvic  anatomy.  A  library  (or  “atlas”) 
can  be  constructed  that  is  composed  of  selected  CT  scans 
with  previously  contoured  target  volumes  and  critical 
structures,  and  used  for  computer  assisted  target  volume 
delineation  (CAT).  In  the  CAT  system  used  for  this  study 
(MIM,  MIMvista,  Cleveland,  OH),  the  best-matching  atlas 
patient  is  chosen  by  the  system  based  on  user-defined 
structures  such  as  bladder  or  pelvic  bones  as  selection  cri¬ 
teria,  and  deformable  image  registration  is  then  performed 
to  match  the  atlas  patient’s  CT  scan  to  the  subject  patient’s 
scan  to  correct  for  anatomical  differences.  In  this  study, 
we  chose  the  bladder  and  pelvic  bony  structure  as  the 
matching  criteria  because  these  two  structures  had  most 
distinctive  characteristics.  Contours  are  then  deformably 
transformed  from  the  atlas  patient  to  the  subject  patient’s 
CT  scan.  Because  the  CAT  system  we  used  for  this  study 
is  a  commercially  available  product,  the  detail  algorithm 
of  how  the  atlas  based  contouring  is  protected  property. 
The  only  information  we  obtained  from  the  manufactory 
is  that  this  system  is  based  on  an  intensity-based  free-form 
deformable  registration  algorithm  utilizes  regularization 
to  minimize  the  likelihood  of  folds  or  tears  in  the  deforma¬ 
tion  fields  to  fit  one  CT  to  another.  The  automated  portion 
of  the  procedure  by  the  CAT  system  takes  approximately 
one  to  two  minutes. 

Atlas  Construction 

Our  atlases  consisted  of  clinically  node-negative  patients 
with  intermediate-  to  high-risk  prostate  cancer  treated  with 
whole  pelvic  IMRT  by  one  of  four  board-certified  radiation 
oncologists  at  our  institution  specializing  in  prostate  cancer. 
All  four  physicians  had  an  annual  prostate  IMRT  experi¬ 
ence  of  30  cases  or  more,  and  had  been  practicing  radiation 
oncology  for  an  average  of  11  years  (range,  8  to  19  years) 
at  our  institution.  The  regions  of  interest  (ROIs)  had  been 
previously  contoured  on  these  patients’  planning  CT  scans 
by  the  treating  physician,  and  included  the  prostate,  seminal 
vesicles  (depending  on  the  disease  extension),  lymph  nodes, 
bladder,  and  rectum.  Contouring  on  all  patients  was  done  on 
the  Pinnacle  treatment  planning  system  (Philips  Healthcare, 
Andover,  MA). 

Patient  Characteristics 

Table  I  shows  characteristics  of  the  patients  included  in  the 
atlases.  Of  a  total  of  44  patients,  all  but  one  had  adenocarci¬ 
noma  histology,  and  all  were  clinically  node-negative  (cNO). 
The  majority  of  patients  (50%)  had  a  Gleason  grade  of  7. 
Most  of  the  patients  had  stage  T2  cancers,  although  there  was 
a  fairly  even  distribution  between  the  various  stages.  More 
than  half  of  the  patients  (55%)  had  prostate  specific  antigen 


Table  I 

Atlas  characteristics. 


Total  #  patients 

44 

Physician 

A 

13 

B 

12 

C 

10 

D 

9 

Nodal  status 

cNO 

44 

cN+ 

0 

TNM  stage 

Tic 

14 

T2 

18 

T2a 

10 

T2b 

3 

T2c 

3 

Unknown 

2 

T3 

12 

T3a 

5 

T3b 

4 

T3c 

1 

Unknown 

2 

Gleason 

6 

2 

7 

22 

8 

11 

9 

8 

10 

1 

PSA 

<10 

24 

10-20 

8 

>20 

7 

Unknown 

4 

(PSA)  values  of  10  or  less.  Table  II  summarizes  the  charac¬ 
teristics  of  the  15  test  subject  patients. 

Segmentation 

A  second,  independent  set  of  patients  was  chosen  for  seg¬ 
mentation  by  the  CAT  system  and  designated  as  “test  sub¬ 
jects.”  These  patients  were  also  clinically  node-negative 
patients  with  intermediate-  to  high-risk  prostate  cancer  who 
had  been  treated  with  whole  pelvic  IMRT  by  the  same  radia¬ 
tion  oncologists.  Although  these  patients  had  previously 
contoured  ROIs,  their  blank  planning  CT  scans  were  used 
for  atlas-based  segmentation;  the  manual  contours  were 
used  for  analysis  only. 

Analysis 

Three  ROIs  were  chosen  for  analysis:  prostate,  lymph  nodes, 
and  rectum.  The  bladder  was  not  chosen  for  analysis  because 
this  organ  was  selected  as  one  of  the  matching  organs  (blad¬ 
der  and  pelvic  bony  structure)  as  mentioned  above.  Seg¬ 
mented  contours  were  compared  to  the  previously  drawn 
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Table  II 

Subject  characteristics. 


Total  #  patients 

15 

Physician 

A 

5 

B 

5 

C 

5 

D 

0 

Nodal  status 

cNO 

15 

cN+ 

0 

TNM  stage 

Tic 

5 

T2 

7 

T2a 

5 

T2b 

0 

T2c 

2 

T3 

3 

T3a 

1 

T3b 

1 

T3c 

0 

Unknown 

1 

Gleason 

6 

2 

7 

9 

8 

2 

9 

2 

PSA 

<10 

9 

10-20 

2 

>20 

1 

Unknown 

3 

manual  contours  by  calculating  volume  overlap  and  volume 
difference  between  the  two  contours.  The  dice  similarity 
coefficient  (DSC)  was  used  to  quantify  volume  overlap  as 
defined  in  Eq.  [1]. 

DSC  =  2<V,  nVa)  m 


Where  Vm  and  Va  are  manually  and  automatically  contoured 
structures.  The  paired  £-test  was  used  to  test  the  significance 
of  differences  in  volumetric  overlap  and  volume  difference 
between  the  manually  drawn  contours  and  the  atlas-based 
contours  for  each  ROI. 

Results 

Volume  Overlap 

A  side-by-side  comparison  of  a  patient  with  manually  drawn 
contours  and  atlas-based  contours  is  shown  in  Figure  2.  The 
average  overlap  between  the  manually  drawn  and  atlas-based 
contours  for  the  prostate,  pelvic  lymph  nodes,  and  rectum 


was  60%  ±  20%,  51%  ±  11%,  and  64%  ±  12%,  respec¬ 
tively.  The  average  volume  difference  for  these  ROIs  was 
34%  ±  27%,  29%  ±  27%,  and  27%  ±  18%,  respectively. 
Comparing  the  atlas  contours  with  the  manual  contours,  there 
was  a  statistically  significant  difference  in  the  volumes  of  the 
rectum  and  pelvic  lymph  nodes  ( p  =  0.049  and  p  =  0.016, 
respectively),  but  not  the  prostate. 

Moreover,  among  three  radiation  oncologists,  each  contrib¬ 
uted  more  than  9  subjects  in  the  atlas  and  at  least  5  patients 
in  the  test  group.  We  thus  further  analyzed  the  data  with 
three  physician-specific  atlases,  attempting  to  determine 
whether  the  differences  in  volume  were  due  to  variations  of 
individual  physicians’  manual  contours.  When  segmented 
from  the  physician- specific  atlas,  the  average  overlap 
between  the  physician’s  manual  contour  and  the  physician- 
specific  atlas  based  contour  was  56%  ±  22%,  60%  ±8%, 
and  60%  ±  13%  for  the  prostate,  pelvic  lymph  nodes,  and 
rectum,  respectively.  The  average  volume  difference  was 
38%  ±  58%,  20%  ±  22%,  and  33%  ±  28%.  Results  are 
summarized  in  Table  III. 

In  this  subset  analysis,  the  sample  size  was  decreased  from 
44  in  the  general  atlas  to  10-13  in  physician  specific  atlases 
and  the  sample  size  in  the  testing  group  was  decreased  from 
15  to  5.  However,  the  average  overlap  in  the  pelvic  lymph 
nodal  volume  increased  from  51%  to  60%.  Figure  3  shows 
axial,  coronal,  and  sagittal  images  of  a  patient  segmented  by 
a  physician-specific  atlas  and  the  general  atlas. 

As  less  controversial  structures,  the  contours  of  the  prostate 
and  rectum  were  more  consistent  among  the  participating 
physicians.  The  volume  overlap  index  and  volume  differ¬ 
ences  were  decreased  in  physician- specific  atlases  due  to  the 
sample  size  reduction  in  both  the  atlas  and  test  group. 

Time  Savings 

Atlas-based  segmentation  took  approximately  two  min¬ 
utes  per  patient,  compared  to  an  estimated  manual  con¬ 
touring  time  of  1.5  hours  based  on  clinical  observation 
of  our  participating  physicians.  Even  accounting  for  the 
additional  time  needed  for  review  and  manual  editing  of 
the  automatically  generated  contours,  the  atlas-based  seg¬ 
mentation  process  would  result  in  time  saving  over  manual 
contouring. 

Discussion 

In  summary,  atlas-based  segmentation  (ABS)  for  delinea¬ 
tion  of  regions  of  interest  in  whole  pelvic  was  clinically 
feasible,  potentially  improving  both  efficiency  and  potential 
consistency  for  the  same  radiation  oncologist  treating  differ¬ 
ent  patients,  particularly  for  the  pelvic  lymph  nodes.  As  we 
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Manually  Drawn  Contours  General  Atlas-based  Contours 

Figure  2:  Comparison  between  manual  contours,  and  the  general  Atlas-based  contours  for  a  selected  patient. 


reported  in  this  study,  even  for  radiation  oncologists  practice 
in  the  same  institution,  the  variation  in  pelvic  lymph  nodal 
contours  were  great  among  physicians.  One  can  speculate 
that  this  variation  would  be  even  greater  for  physicians 
practicing  at  different  institutions.  Of  note,  our  study  was 
based  on  contours  drawn  before  the  publication  of  Radiation 
Therapy  Oncology  Group  (RTOG)  consensus  (7).  This  publi¬ 
cation  is  important  and  timely  and  will  lead  to  better  concor¬ 
dance  in  the  pelvic  lymph  nodal  delineation  if  the  guideline 
is  carefully  followed.  Compute  assisted  contouring  will  fur¬ 
ther  facilitate  implementation  of  the  guideline  when  the  con¬ 
tours  drawn  following  the  guideline  are  included  in  the  atlas. 
Therefore,  we  believe  that  concordance  of  delineation  of  the 
pelvic  lymph  nodal  volumes  will  improve. 

The  results  of  this  study  have  important  implications  in 
clinical  radiation  oncology  practice  because  of  the  rapidly 
growing  acceptance  and  use  of  IMRT.  The  widespread  use 
of  IMRT  in  the  treatment  of  prostate  cancer  has  resulted  in 
an  increased  clinical  workload  and  allocation  of  additional 


resources  due  to  the  complexity  of  IMRT  compared  with 
conventional  techniques.  In  a  report  by  Miles  et  al.  (2), 
IMRT  was  found  to  increase  overall  planning  times  and  had 
particular  impact  on  clinician  and  physicist  workflow.  Other 
studies  (8,  9)  have  reported  times  of  between  3  and  10  hours 
for  whole  pelvic  IMRT  planning,  although  little  information 
was  provided  regarding  the  time  spent  on  individual  stages  of 
the  planning  process. 

Variability  in  target  volume  delineation  has  become  an  increas¬ 
ing  concern  and  creates  difficulties  in  studying  and  compar¬ 
ing  treatment  outcomes  in  the  era  of  IMRT.  Possible  reasons 
for  inconsistencies  between  physicians  include  differences  in 
training  and  experience,  discrepancies  in  the  understanding  of 
microscopic  extension  of  disease  and  patterns  of  nodal  spread, 
and  variable  interpretation  of  anatomical  differences  on  CT 
scans.  Several  reports  have  been  published  showing  variability 
in  the  determination  and  delineation  of  target  volumes  for  sev¬ 
eral  different  tumor  sites,  including  bladder,  breast,  HN,  and 
prostate.  A  recent  report  by  Li  et  al  (10)  showed  substantial 


Table  III 


Volumetric  overlap  between  manually  drawn  and  Atlas-based  contours. 


General  atlas 

Physician-specific  atlas 

Average 

overlap 

Average 

volume 

difference 

p-value 

Average 

overlap 

Average 

volume 

difference 

p-y  alue 

Prostate 

60%  ±  20% 

34%  ±  27% 

0.821 

56%  ±  22% 

38%  ±  58% 

0.990 

Lymph 

nodes 

51%  ±  11% 

29%  ±  27% 

0.016* 

60%  ±  8% 

20%  ±  22% 

0.203 

Rectum 

64%  ±  12% 

27%  ±  18% 

0.049* 

60%  ±  13% 

33%  ±  28% 

0.239 

*  Statistically  significant  by  paired  r-test  at/?  <  0.05. 
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Physician-Specific  Atlas  General  Atlas 


Figure  3:  Comparison  of  Segmentation  by  the  Physician- Specific  atlases  and  the  general  atlas. 


variability  in  breast  cancer  target  volumes  and  normal  struc¬ 
ture  contours  between  multiple  institutions  and  observers, 
with  structure  overlap  as  low  as  10%  and  volume  variations 
with  standard  deviations  of  up  to  60%.  In  a  study  by  Fiorino 
et  al.  (11),  significant  inter-physician  variability  was  shown 
amongst  five  radiation  oncologists  contouring  the  prostate  and 
seminal  vesicles  of  patients  previously  treated  with  conformal 
techniques.  Similarly,  Cazzaniga  et  al.  (12)  showed  variability 
in  the  manual  delineation  of  the  PTV  in  three  different  pros¬ 
tate  cancer  patients,  both  in  the  cranio-caudal  direction  and 
extension  of  tumor  on  separate  axial  CT  slices. 

Maintaining  consistency  in  the  contouring  of  pelvic  lymph 
nodes  is  particularly  important  in  whole  pelvic  IMRT.  Sev¬ 
eral  studies  (13-15)  have  shown  that  pelvic  nodal  irradiation 
may  impact  outcome  in  high-risk  prostate  cancer  patients 
who  have  a  significant  risk  of  nodal  involvement.  Treat¬ 
ment  of  pelvic  nodes  was  included  in  two  radiation  therapy 
oncology  group  (RTOG)  trials  (protocols  0521  and  05-34). 
A  consensus  guideline  for  the  delineation  of  lymph  node 
volumes  for  whole  pelvic  IMRT  does  exist  (7),  and  the  use 
of  computer  assisted,  atlas  based  segmentation  can  facilitate 


the  implementation  of  the  guideline  thus  reducing  individual 
variability  in  the  delineation  of  these  volumes.  In  a  compara¬ 
tive  study  of  clinical  target  volume  (CTV)  definition  of  pelvic 
lymph  nodes  by  Lawton  et  al.  (3),  significant  variations  in  the 
delineation  of  iliac  and  presacral  CTVs  were  seen  amongst 
multiple  radiation  oncologists.  Perhaps,  atlas  based  contour¬ 
ing  tool  may  provide  a  means  to  disseminate  RTOG  consen¬ 
sus  guideline  effectively  if  contours  for  all  subjects  included 
in  the  atlas  meet  the  guideline.  The  fact  that  there  was  a  sig¬ 
nificant  difference  in  the  volume  overlap  and  volume  differ¬ 
ence  between  the  master  and  physician- specific  atlases,  as 
well  as  between  manually  drawn  nodal  contours  and  nodal 
contours  segmented  from  the  master  atlas,  suggests  that  a 
level  of  variability  exists  even  within  our  single  institution 
with  long-standing  experience  in  pelvic  lymph  node  delinea¬ 
tion.  There  has  been  recent  interest  in  the  use  of  new  imag¬ 
ing  techniques  such  as  magnetic  resonance  lymphography  to 
develop  an  accurate,  objective  description  of  the  nodal  loca¬ 
tions  for  radiation  treatment  planning  (16,  17).  With  these 
newer  techniques,  it  will  likely  become  even  more  impor¬ 
tant  to  define  and  implement  consistency  in  the  contouring  of 
pelvic  lymph  nodes. 
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Several  different  groups  have  evaluated  the  applicability  and 
feasibility  of  semiautomatic  CAT  systems  for  target  volume 
delineation.  Reed  et  al.  (18)  described  a  deformable  image 
registration-based  breast  segmentation  method  to  generate  a 
clinical  target  volume  from  a  template  case  with  a  consensus 
contour  definition  to  a  new  patient.  This  method  improved 
both  consistency  and  efficiency  compared  with  manual  con¬ 
touring.  Another  study  by  Lu  et  al.  (19)  looked  at  a  recontour¬ 
ing  method  based  on  deformable  image  registration  that  was 
validated  in  the  setting  of  four-dimensional  CT  planning  for 
lung  cancer.  Chao  et  al.  (6)  developed  a  deformable  image 
registration  using  a  CAT  system  that  mapped  HN  contours 
from  a  template  case  to  a  patient  with  similar  clinical  charac¬ 
teristics.  This  study  found  that  there  was  significant  variabil¬ 
ity  between  manual  contours  drawn  by  different  physicians 
and  this  variability  was  reduced  by  generating  contours  using 
the  deformable  image  registration.  The  average  timesaving 
was  26%  to  29%  for  more  experienced  physicians  and  38% 
to  47%  for  less  experienced  physicians. 

In  an  abstract  reported  by  Hu  et  al.  (20),  the  same  commer¬ 
cially  available  software  used  in  this  study  was  employed 
for  atlas  creation  and  segmentation  of  head  and  neck  IMRT 
patients.  Patients  treated  at  two  different  institutions  were 
randomly  chosen,  and  the  times  required  for  ABS  and  manual 
contouring  by  an  attending  physician  were  recorded.  At  insti¬ 
tution  1,  ABS  proved  to  be  almost  as  helpful  to  the  attend¬ 
ing  physician  as  resident  contours,  and  resulted  in  an  overall 
time  savings  of  87%  for  normal  structures,  nodal  targets,  and 
primary  targets.  At  institution  2,  there  was  a  68%  decrease  in 
contouring  time  for  nodal  targets  and  normal  structures,  but 
only  a  25%  reduction  in  time  for  primary  targets.  The  authors 
noted  that  the  patients  chosen  at  institution  2  had  uncharac¬ 
teristically  early  stage  cancers  and  therefore  required  less 
complex  contouring  than  those  at  institution  2. 

In  another  recent  abstract  by  Lin  et  al.  (21),  ABS  was  applied 
to  prostate  IMRT  patients.  There  was  a  significant  reduction 
in  the  time  required  to  contour  and  edit  a  patient,  with  a  47.4% 
decrease  in  contour  generation  time  by  the  resident  physician 
and  a  36%  reduction  in  editing  time  by  the  attending  physi¬ 
cian.  The  most  time  saving  was  experienced  in  generating 
contours  for  the  femurs  (54.1%),  followed  by  the  prostate 
(46.2%)  and  bladder  (45%),  and  finally  the  rectum  (34.9%). 
Unlike  our  study,  pelvic  lymph  nodes  were  not  included  as  an 
ROI  in  this  abstract. 

Similar  to  the  reports  above,  the  present  study  did  show  that 
atlas-based  segmentation  could  provide  an  efficient  means  of 
contouring  regions  of  interest  in  whole  pelvic  IMRT.  How¬ 
ever,  the  main  focus  of  our  study  was  to  demonstrate  the 
feasibility  of  atlas-based  segmentation  in  generating  clinical 
useful  contours,  particularly  for  pelvic  lymph  nodes.  The  over¬ 
lap  between  segmented  and  manual  contours,  or  the  degree  of 


similarity  between  the  contours  generated  by  the  CAT  sys¬ 
tem  and  those  drawn  by  the  physician,  was  between  50%  and 
64%.  It  is  important  to  recall  that  auto- segmented  contours 
are  meant  to  represent  a  starting  point  for  editing,  not  a  sub¬ 
stitute  for  manual  contours.  Consensus  guidelines  are  con¬ 
stantly  changed  and  updated,  and  furthermore  each  patient 
must  be  assessed  on  a  case-by-case  basis.  Clinical  judgment 
is  still  of  utmost  importance  in  treating  patients.  We  believe 
that  editing  of  segmented  contours  is  still  a  necessary  step 
in  the  atlas-based  segmentation  process,  but  that  atlas-based 
segmentation  provides  a  useful  guideline  for  physicians. 

Although  a  reasonable  degree  of  overlap  was  achieved 
between  manual  and  segmented  contours  in  our  study,  areas 
of  future  research  remain  for  the  improvement  of  the  seg¬ 
mentation  process.  For  example,  by  increasing  the  number 
of  patients  in  an  atlas  and  improving  consensus  among  radia¬ 
tion  oncologists,  improvement  in  consistency  and  efficiency 
would  be  expected.  In  addition,  additional  atlas  matching 
parameters,  such  as  waist  size  of  the  patient,  or  diameter  of 
the  pelvic  inlet,  could  also  be  set  during  segmentation  to  fine- 
tune  the  process  of  matching  patients  to  the  atlas.  Further¬ 
more,  newer  version  of  the  program  can  produce  a  synthetic 
atlas  from  a  pool  of  patients  in  the  library.  We  believe  that 
atlas-based  segmentation  procedures  are  robust  enough  to 
refine  and  move  into  the  clinical  use. 

Conclusions 

Atlas-based  segmentation  for  ROI  delineation  is  clinically 
feasible,  and  can  potentially  improve  both  consistency  and 
efficiency  in  contouring.  A  reasonable  overlap  between  atlas 
based  segmentation  and  manually  drawn  regions  of  interest 
was  achieved.  Inconsistency  in  pelvic  lymph  nodal  delinea¬ 
tion  was  observed  among  experienced  radiation  oncologists 
in  our  institution,  but  not  in  the  delineation  of  the  prostate  and 
rectum.  Modification  of  atlas-based  contours  is  an  acceptable 
means  for  delineating  pelvic  lymph  node  volumes. 
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Introduction 

Daily  anatomical  variations  may  affect  the  dose  delivered  to  patients  for  prostate  cancer 
treatment  (1).  A  common  approach  to  compensate  for  the  inter- fractional  anatomic  change  is  to 
re-position  patients  based  on  the  verification  images  acquired  prior  to  daily  treatment  (2,  3). 
Dosimetric  data  of  the  target  and  avoidance  structures  are  usually  not  obtained  to  verify  the 
effectiveness  of  this  approach  (4).  A  recent  study  showed  that  the  residual  inter-fractional 
variations  after  daily  re-positioning  resulted  in  compromised  dose  coverage  to  prostate  in 
approximately  one  third  of  the  treatment  fractions  (5).  This  inter-fractional  dose  deviation  may 
significantly  affect  the  treatment  outcomes,  particularly  for  hypo-fractionated  treatments  such  as 
stereotactic  body  radiation  therapy  (SBRT)  (6,  7). 

With  CT  based  image-guidance  techniques  routinely  utilized  in  conventional  radiotherapy  and 
SBRT,  the  daily  “delivered  dose”  (not  planned  dose)  can  now  be  calculated  for  prospective  and 
retrospective  correlation  with  the  treatment  outcomes.  For  conventional  radiotherapy,  if  a 
significant  dose  deviation  occurs,  dose  deficiency  may  be  compensated  with  offline  adaptive 
replanning  approaches  (3,  8).  For  SBRT,  online  daily  dose  monitoring  may  become  paramount 
to  prevent  the  “delivered  dose”  deviating  from  the  planned  dose.  A  bottleneck  of  daily  dose 
monitoring  lies  in  the  time-consuming  task  of  delineating  the  prostate  and  the  organs  at  risk 
(OARs)  such  as  the  rectum  and  bladder.  The  average  time  to  manually  contour  these  regions  of 
interests  (ROIs)  was  reported  to  be  longer  than  30  minutes  even  with  the  advanced  auxiliary 
tools  (9).  Such  long  contouring  time  makes  daily  dose  monitoring  impractical  for  routine 
clinical  uses. 

Recently,  an  atlas-based  auto-segmentation  (ABAS)  method  has  been  proposed  to  generate  new 
contours  by  deforming  priori  atlas  contour  sets  (10).  The  improvement  in  the  contouring 
efficiency  with  ABAS  has  been  demonstrated  on  both  planning  CT  (11-13)  and  daily  cone  beam 
CT  (CBCT)  images  for  prostate  cancer  (14).  However,  a  manual  adjustment  was  generally 
recommended  (11-14),  which  may  hamper  the  practice  of  daily  dose  monitoring.  To  minimize 
the  manual  adjustment  time,  the  performance  of  ABAS  needs  further  improvement.  Previous 
studies  have  shown  that  the  inclusion  of  more  datasets  in  the  atlas  could  increase  the  accuracy  of 
AB  AS-generated  auto-contours  (15-17).  According  to  the  algorithm  of  ABAS,  the  use  of  patient 
specific  atlas  may  also  improve  the  performance  of  ABAS  (10). 

In  the  present  study,  the  feasibility  of  daily  dose  monitoring  was  explored  with  the  aid  of  ABAS. 
Daily  diagnostic  quality  verification  images,  provided  by  a  CT-on-rails  system,  were  used  to 
form  patient  specific  atlases  and  test  datasets.  The  performance  of  ABAS  was  evaluated  by  the 
geometrical  comparison  of  the  auto-  and  manual-contours  of  the  test  image  sets.  The  feasibility 
of  daily  dose  monitoring  was  assessed  by  the  comparison  of  dose  distributions  on  the  auto-  and 
manual-contours  of  the  test  image  sets.  The  necessity  of  daily  dose  monitoring  was  also 
characterized  by  the  daily  dose  deviations  from  the  planned  dose. 
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Materials  and  Methods 

Seven  patients  treated  with  definitive  external  beam  radiotherapy  for  prostate  cancer  were 
included  in  the  current  study.  The  original  intensity  modulated  radiotherapy  plans  were  created 
using  5  or  7  beam  angles  ranging  from  200°  to  160°.  The  prescription  doses  of  all  original  plans 
were  set  to  78  Gy  for  the  dosimetric  comparison  of  different  patients.  The  planning  target 
volume  (PTV)  was  an  expansion  of  8  mm  in  all  directions  except  for  5  mm  posteriorly  from  the 
prostate  (CTV).  The  prescription  isodose  line  was  chosen  to  ensure  that  at  least  95%  of  the  PTV 
received  the  prescription  dose.  Prior  to  daily  treatments,  patients  were  instructed  to  have  a  full 
bladder  and  empty  rectum,  the  same  condition  applied  at  simulation.  After  patients  were 
positioned  to  align  the  skin  markers  with  the  room  lasers,  daily  verification  CT  images  were 
acquired  using  an  in-room  CT-on-rails  system  (Siemens  Medical  Solution,  Concord,  CA). 
Patients  were  then  re-positioned  to  align  the  CTV  in  the  daily  verification  CT  and  the  planning 
CT  with  a  manual  rigid  registration. 

Geometrical  Evaluation  of  ABAS 

The  prostate,  rectum  and  bladder  were  manually  delineated  according  to  Radiation  Therapy 
Oncology  Group  0126  (18)  for  the  verification  CT  sets  of  the  first  six  and  last  seven  treatment 
days.  For  each  patient,  three  patient  specific  atlases  were  constructed  using  manual  contours 
from  planning  CT  alone  (1 -image  atlas),  planning  CT  plus  first  three  verification  CTs  (4-image 
atlas),  and  planning  CT  plus  first  six  verification  CTs  (7-image  atlas).  These  atlases  were 
subsequently  applied  to  the  last  seven  verification  image  sets  of  the  same  patient  to  generate  the 
auto-contours.  Manual  delineation  and  ABAS  processes  were  both  performed  using  a 
commercial  software  program,  MIM  version  5.4  (MIMVista,  Cleveland,  OH). 

The  algorithm  of  ABAS  in  MIM  has  been  described  in  the  previous  reports  (10,  15,  19).  For  the 
current  MIM  version,  multiple  atlas  image  sets  can  be  selected  and  undergo  a  rigid  and  a 
deformable  registration  with  the  new  image  set.  The  contours  of  the  selected  atlas  image  sets  are 
then  deformed  according  to  the  composite  matrix  from  the  above  two  registrations  (10).  The 
new  contour  set  is  determined  from  these  deformed  contour  sets  using  a  major  vote  method  (19). 
In  the  current  study,  every  atlas  contour  set  was  selected  and  deformed.  The  new  contours  were 
then  determined  as  the  areas  overlapped  by  at  least  half  of  the  deformed  contour  sets  (1  out  of  1-, 
3  out  of  4-,  and  4  out  of  7-image  atlases).  The  current  ABAS  process  took  less  than  2  minutes 
for  each  image  set. 

The  volumes  of  the  manual-contours  (Vm),  the  auto-contours  (Va),  and  their  intersectional  areas, 
were  recorded  on  a  pixel-by-pixel  basis.  The  performance  of  ABAS  was  evaluated  by  a 
geometrical  comparison  of  the  manual-  and  the  auto-contours  using  the  dice  similarity 
coefficient  (DSC)  (15)  and  overlap  index  (OI)  (17)  defined  as  below: 

DSC  =  2(vmnva)  /  (Vm+Va) 
oi  =  (vmn  va)  /  vm 

The  performance  of  ABAS  was  also  evaluated  with  a  non-patient  specific  atlas.  This  4-image 
atlas  consisted  of  the  planning  CT  and  associated  manual  contours  of  four  patients.  With  this 
atlas,  ABAS  was  applied  to  the  last  seven  daily  image  sets  of  another  three  patients.  The  DSC 
and  OI  were  calculated  as  described  above  and  were  compared  to  those  obtained  with  4-image 
patient  specific  atlases. 

Dosimetric  Evaluation  of  ABAS  for  Daily  Dose  Monitoring 
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Following  the  geometric  evaluation,  the  forty-nine  test  image  sets  and  their  associated  manual- 
and  auto-contours  were  transferred  to  Pinnacle  9.0  (Philips,  Fitchburg,  WI)  for  dosimetric 
analysis.  For  each  daily  image  set,  the  radiation  dose  was  calculated  using  the  beam 
configurations  from  the  original  plan.  The  isocenter  of  the  beams  was  shifted  according  to  the 
clinically  performed  patient  re-positioning.  The  dose  received  by  99%  (D99)  of  the  prostate 
(CTV)  volume  was  compared  with  the  prescription  dose  to  evaluate  the  target  coverage.  The 
daily  D5  of  the  bladder  and  rectum  were  compared  with  those  in  the  corresponding  original  plans 
to  evaluate  the  sparing  of  OARs.  Using  the  manual  contours  as  the  reference,  the  above 
dosimetric  endpoints  were  compared  with  those  of  the  auto-contours  obtained  using  1-,  4-  and  7- 
image  patient  specific  atlases. 

Statistical  Analysis 

All  results  were  expressed  as  mean  ±  standard  deviation.  Two-tailed  paired  student  t  tests  were 
used  for  the  geometrical  and  dosimetric  comparisons.  Statistical  significance  was  assigned  at  p  < 
0.05. 


Results 

Geometrical  Evaluation  of  ABAS 

Figure  1  shows  an  example  of  the  geometrical  agreement  between  the  manual  contours  and  the 
auto-contours  obtained  with  1-,  4-  and  7-image  patient  specific  atlases.  With  the  increase  of 
atlas  size  from  one  to  four,  the  DSC  and  01  of  the  prostate  increased  from  82.5%  ±  6.4%  and 
84.6%  ±  5.5%  to  86.9%  ±  4.9%  (p  <  0.01)  and  87.8%  ±  5.4%  (p  <  0.01),  respectively.  Similarly, 
the  DSC  and  OI  of  the  rectum  increased  from  81.0%  ±  8.7%  and  81.1%  ±  12.9%  to  84.7%  ± 
8.6%  (p  <  0.01)  and  82.9%  ±  14.3%  (p  =  0.34),  respectively.  For  the  bladder,  the  DSC  improved 
from  91.4%  ±  5.0%  to  93.6%  ±  4.3%  (p  <  0.05)  while  the  OI  dropped  from  96.5%  ±  3.1%  to 
95.5%  ±  2.7%  (p  <  0.05).  A  further  increase  of  atlas  size  from  four  to  seven  did  not  result  in  any 
significant  changes  in  the  DSC  and  OI  of  the  prostate  (p  =  0.51  and  0.26),  rectum  (p  =  0.15  and 
0.08)  or  bladder  (p  =  0.05  and  0.08). 

Figure  2  shows  the  impact  of  patient  specificity  for  atlas.  Compared  with  the  results  obtained 
using  the  4-image  patient  specific  atlases,  the  DSC  and  OI  from  the  non-patient  specific  4-image 
atlas  decreased  by  12.4%  (p  <  0.01)  and  13.7%  (p  <  0.01)  for  the  prostate,  respectively.  For  the 
rectum,  the  reduction  in  the  DSC  and  OI  values  were  13.9%  (p  <0.01)  and  10.2%  (p  =  0.02), 
respectively.  For  the  bladder,  the  decreases  in  the  DSC  and  OI  values  were  15.1%  (p  <  0.05)  and 
1.1%  (p  =  0.45),  respectively. 

Dosimetric  Evaluation  of  ABAS  for  Daily  Dose  Monitoring 

Figure  3  shows  the  daily  dose  variations  based  on  the  manual  contours  of  the  forty-nine  test 
image  sets.  Daily  prostate  D99  was  >95%  and  >98%  of  the  prescription  dose  in  93.4%  and 
78.3%  of  the  tested  image  sets,  respectively.  The  maximum  daily  deviation  was  9.4%  below  the 
prescription  dose  (Fig.  3a).  Daily  rectum  D5  was  >105%  and  >102%  of  the  planned  D5  in  2.1% 
and  43.5%  of  the  tested  image  sets,  respectively  (Fig.  3b).  Daily  bladder  D5  was  >105%  and 
>102%  of  the  planned  D5  in  1 1.2%  and  19.6%  of  the  tested  fractions,  respectively  (Fig.  3c).  The 
maximum  daily  rectum  and  bladder  D5  were  4.9%  and  12.4%  higher  than  the  planned  D5, 
respectively.  Based  on  the  auto-contours  obtained  with  1-,  4-  and  7-image  atlases,  daily  prostate 
D99  was  >95%  of  the  prescription  dose  in  97.8%,  93.5%  and  93.5%  of  the  tested  image  sets, 
respectively.  Daily  rectum  D5  was  >105%  of  the  planned  D5  in  2.6%,  2.6%  and  2.6%  of  the 
tested  image  sets,  respectively.  Daily  bladder  D5  was  >105%  of  the  planned  D5  in  2.2%,  8.7% 
and  13.6%  of  the  tested  fractions,  respectively. 
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Figure  4  shows  the  feasibility  evaluation  of  daily  dose  monitoring  for  all  three  sizes  of  patient 
specific  atlases.  The  differences  in  the  prostate  (CTV)  D99  between  the  manual  contours  and  the 
auto-contours  obtained  with  l-,4-  and  7-image  set  atlases  were  less  than  2%  for  80.4%,  82.6% 
and  84.8%  of  the  tested  image  sets,  and  less  than  5%  for  89.2%,  91.3%  and  95.7%  of  the  tested 
image  sets,  respectively  (Fig.  4a).  Similarly,  the  differences  in  the  rectum  D5  were  less  than  2% 
in  89.8%,  92.3%  and  100.0%  of  the  tested  image  sets,  and  less  than  5%  in  94.9%,  97.4%  and 
100.0%  of  the  tested  image  sets,  respectively  (Fig.  4b).  For  the  bladder  D5,  the  differences  were 
less  than  2%  in  56.5%,  67.4%  and  76.1%  of  the  tested  fractions,  and  less  than  5%  in  76.1%, 
87.0%  and  87.0%  of  the  tested  fractions,  respectively  (Fig.  4c). 

Discussion  &  Conclusion 

In  the  present  study,  the  potential  of  using  ABAS-generated  contours  for  daily  dose  monitoring 
was  explored.  With  patient  specific  atlases,  ABAS  rendered  contours  with  reasonable 
geometrical  similarity  to  the  manual  counterparts.  As  a  result,  the  daily  dose  distributions  of  the 
manual-  and  auto-contours  were  in  a  good  agreement.  These  results,  together  with  the  speed  of 
ABAS  (<2  min),  demonstrate  the  feasibility  of  daily  dose  monitoring,  which  may  have  important 
clinical  implications  for  patients  receiving  hypo-fractionated  treatment. 

Compared  with  the  planned  dose,  the  monitoring  of  the  actual  ‘delivered’  daily  dose  would 
provide  more  accurate  correlation  between  the  treatment  outcomes  and  the  toxicity  profiles. 
Because  of  the  deformation  and  volume  changes  in  the  rectum  and  bladder,  patient  re-positioning 
inevitably  leaves  some  inter-fractional  variations  and  therefore  deviates  the  daily  dose  from  the 
planned  dose.  As  shown  in  the  current  study,  approximately  10%  of  the  tested  fractions  had  D99 
of  the  prostate  less  than  95%  of  the  planned  D99.  In  addition,  D5  of  the  rectum  and  D5  of  the 
bladder  were  5%  higher  than  the  corresponding  planned  D5  in  10%  of  the  tested  fractions, 
respectively. 

For  hypo-fractionated  treatment  such  as  SBRT,  daily  dose  monitoring  may  have  a  significant 
clinical  impact.  With  the  planning  margin  smaller  than  that  for  the  conventional  fractionated 
radiotherapy,  SBRT  is  subject  to  greater  dose  deviations  from  the  same  inter-fractional  variations 
(6).  In  addition,  SBRT  has  large  dose  delivered  in  each  treatment  fraction,  which  increases  the 
impact  of  the  daily  dose  deviations.  Online  daily  dose  monitoring  would  serve  as  a  quality 
assurance  to  ensure  an  adequate  dose  to  the  treatment  target  while  prevent  significant  overdose  to 
the  OARs.  Offline  daily  dose  monitoring  would  identify  the  dose  deficiencies  and  offer  the 
opportunity  for  compensation  in  the  following  treatment  fractions.  The  auto-contours  generated 
for  daily  dose  monitoring  can  also  be  used  to  expedite  the  adaptive  replanning  process,  if  needed. 

The  performance  of  ABAS  in  the  current  study  was  improved  compared  with  previous  studies 
using  the  same  commercial  software  for  ABAS  (12,  14,  20).  Specifically,  with  the  diagnostic 
quality  test  image  sets,  the  current  DSC  of  all  three  ROIs  were  10%  greater  than  those  obtained 
on  daily  CBCT  (12).  With  atlases  consisted  of  patient  specific  datasets,  the  current  OI  of  the 
prostate  and  the  rectum  were  29%  and  19%  greater  than  those  obtained  with  non-patient  specific 
atlases,  respectively  (15).  These  comparison  results  are  in  agreement  with  the  ABAS  algorithm 
that  the  accuracy  of  ABAS  is  positively  related  to  the  geometrical  difference  between  the  atlas 
and  the  test  dataset,  as  well  as  the  image  quality  of  them  (10,  15).  Recently,  incorporating  a  prior 
knowledge,  Godley  et  al.  showed  DSC  values  similar  to  those  in  the  current  study  (21),  in 
concordance  with  our  results  that  patient  specific  atlases  can  improve  auto-segmentation. 
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The  improved  geometrical  similarity  from  the  current  ABAS  method  led  to  a  reasonable 
agreement  in  dose  distributions  between  the  auto-  and  manual-contours,  which  demonstrated  the 
feasibility  of  daily  dose  monitoring.  If  5%  difference  from  the  manual-contours  is  considered 
clinically  acceptable,  the  auto-contours  obtained  from  4-image  patient  specific  atlases  could  be 
directly  used  for  the  daily  monitoring  of  the  rectum  (Fig.  4b).  For  the  prostate  and  bladder,  a 
manual  editing  may  be  necessary  in  4%  and  14%  of  the  tested  fractions,  respectively  (Fig. 

4a&c).  However,  the  time  for  a  manual  editing  is  significantly  shorter  than  that  for  manual 
contouring  de  novo  (14).  Simmat  et.  al.  showed  that  a  manual  editing  of  six  AB AS-generated 
contours  took  less  than  20  min  (14).  With  more  accurate  auto-contours  and  fewer  ROI  for 
editing,  our  preliminary  experience  showed  a  manual  editing  time  of  ~6  min.  This,  together  with 
the  rapid  ABAS  process  (<2  min),  suggests  that  the  addition  of  daily  dose  monitoring  to  the 
current  clinical  workflow  is  logistically  practical. 

It  should  be  noted  that  the  feasibility  of  daily  dose  monitoring  is  based  on  the  availability  of 
daily  diagnostic  quality  images.  If  daily  images  are  acquired  with  CBCT,  dose  calculation  is 
subject  to  uncertainties  caused  by  the  instable  HU  numbers.  The  CT  density  table  may  need  to 
be  calibrated  for  each  patient  and  for  each  acquisition  protocol  (22).  Another  limitation  of  the 
study  is  that  the  test  dataset  may  not  represent  patients  with  drastic  physiological  changes  on 
different  treatment  days.  Validation  on  more  patients  may  alter  the  application  range  of  the 
current  conclusion. 

In  conclusion,  with  patient  specific  atlases  consisting  of  contours  from  the  planning  CT  plus  the 
first  three  daily  verification  CTs,  atlas-based  auto-segmentation  can  facilitate  daily  dose 
monitoring  for  prostate  cancer  to  provide  image-  and  dose-guided  radiotherapy.  This  practice 
may  be  more  valuable  to  patients  receiving  hypo-fractionated  treatment. 
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Figure  Legends 

Figure  1.  Manually  and  automatically  generated  contours  on  a  representative  mid-level  slice. 
ABAS  was  performed  using  patient  specific  atlases  with  various  sizes. 
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Figure  2.  Effect  of  the  patient  specificity  of  atlas  on  the  performance  of  ABAS.  *P<0.05 
compared  to  the  results  obtained  using  an  atlas  with  four  non-patient  specific  image  sets. 
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Figure  3.  (a)  Histogram  of  the  difference  in  D99  between  daily  treatments  and  prescription  dose 
for  prostate  (CTV).  (b)&(c)  Histogram  of  the  difference  in  D5  between  daily  treatments  and 
original  plans  for  rectum  (b)  and  bladder  (c). 
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Figure  4.  Probability  histogram  of  the  differences  in  dose  parameters  between  the  auto-  and 
manual  contours.  The  differences  were  normalized  by  the  dose  parameters  for  the  manual 
contours. 
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With  implanted  markers,  daily  prostate  displacements  can  be  automatically 
detected  with  six  degrees  of  freedom.  The  reported  magnitudes  of  the  rotations, 
however,  are  often  greater  than  the  typical  range  of  a  six-degree  treatment  couch. 
The  purpose  of  this  study  is  to  quantify  geometric  and  dosimetric  effects  if  the 
prostate  rotations  are  not  corrected  (ROTNC)  and  if  they  can  be  compensated  with 
translational  shifts  (ROTC).  Forty-three  kilovoltage  cone-beam  CTs  (KV-CBCT) 
with  implanted  markers  from  five  patients  were  available  for  this  retrospective 
study.  On  each  KV-CBCT,  the  prostate,  bladder,  and  rectum  were  manually  con¬ 
toured  by  a  physician.  The  prostate  contours  from  the  planning  CT  and  CBCT  were 
aligned  manually  to  achieve  the  best  overlaps.  This  contour  registration  served 
as  the  benchmark  method  for  comparison  with  two  marker  registration  methods: 

(a)  using  six  degrees  of  freedom,  but  rotations  were  not  corrected  (ROT  NC);  and 

(b)  using  three  degrees  of  freedom  while  compensating  rotations  into  the  transla¬ 
tional  shifts  (ROT_C).  The  center  of  mass  distance  (CMD)  and  overlap  index  (01) 
were  used  to  evaluate  these  two  methods.  The  dosimetric  effects  were  also  analyzed 
by  comparing  the  dose  coverage  of  the  prostate  clinical  target  volume  (CTV)  in 
relation  to  the  planning  margins.  According  to  our  analysis,  the  detected  rotations 
dominated  in  the  left-right  axis  with  systematic  and  random  components  of  4.6°  and 
4.1°,  respectively.  When  the  rotation  angles  were  greater  than  1 0°,  the  differences  in 
CMD  between  the  two  registrations  were  greater  than  5  mm  in  85.7%  of  these  frac¬ 
tions;  when  the  rotation  angles  were  greater  than  6°,  the  differences  of  CMD  were 
greater  than  4  mm  in  61 . 1%  of  these  fractions.  With  6  mm/4  mm  posterior  planning 
margins,  the  average  difference  between  the  dose  to  99%  (D99)  of  the  prostate  in 
CBCTs  and  the  planning  D99  of  the  prostate  was  -8.0  ±  12.3%  for  the  ROT  NC 
registration,  and  -3.6  ±  9.0%  for  the  ROT  C  registration  ( p  =  0.01).  When  the  plan¬ 
ning  margin  decreased  to  4  mm/2  mm  posterior,  the  average  difference  in  D99  of 
the  prostate  was  -22.0  ±  16.2%  and  -15.1  ±  15.2%  for  the  ROT  NC  and  ROT  C 
methods,  respectively  (p  <  0.05).  In  conclusion,  prostate  rotation  cannot  be  simply 
dismissed,  and  the  impact  of  the  rotational  errors  depends  on  the  distance  between 
the  isocenter  and  the  centroid  of  implanted  markers  and  the  rotation  angle. 

PACS  number:  87.55 

Key  words:  prostate  rotation,  implanted  markers,  image-guided  radiotherapy, 
IMRT,  image  registration 


I.  INTRODUCTION 

During  radiotherapy  of  patients  with  prostate  cancer,  the  prostate  position  may  vary  due  to  the 
changes  in  the  filling  of  the  bladder  and  rectum/1"2)  Such  variations  pose  a  great  challenge  to 
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the  precision  of  treatment  delivery.  The  use  of  image-guided  radiotherapy  (IGRT)  improves 
treatment  precision  considerably  by  correcting  daily  patient  setup  error  and  internal  organ 
motion.  Most  target  localization  corrections  from  IGRT,  however,  are  limited  in  transla¬ 
tion  only.  Rotational  setup  error  and  rotational  organ  motion  have  been  reported,  but  often 
dismissed  clinically. 

For  patient  positional  setup  errors,  which  are  often  detected  by  registering  bony  structures 
from  the  verification  images  with  those  from  the  planning  images,  most  studies  reported  that 
rotational  setup  errors  were  relatively  small  with  a  standard  deviation  of  about  1  °  around  each 
axis/3'6)  Because  of  the  small  magnitude,  some  have  suggested  that  the  rotational  errors  can 
be  ignored/7"8)  while  others  have  suggested  use  of  a  robotic  treatment  couch  to  correct  for  this 
magnitude  of  rotation/9) 

For  intertreatment  organ  motion  of  the  prostate,  several  studies  showed  that  the  prostate 
organ  rotation  could  be  greater  than  setup  error  and  might  have  an  important  dosimetric  impact. 
(3,io-i9)  Large  prostate  rotations  are  often  reported  by  registering  the  implanted  markers  between 
the  verification  and  planning  images.  Rotations  around  left-right  (LR)  axis  were  found  to  be 
dominant  because  of  influence  of  the  filling  of  the  rectum.  Deutschmann  et  al/18)  found  the 
average  LR  rotation  was  5.3°  ±  4.9°,  with  maximum  at  30.7°  for  31  patients.  Lips  et  al/19) 
reported  rotational  errors  with  systematic  error  of  6.3°  and  random  error  of  4.9°,  ranging  from 
-12.1°  to  9.1°  for  a  cohort  of  19  patients. 

Although  using  implanted  markers  as  a  surrogate  to  localize  the  prostate  is  a  well-adopted 
method  for  daily  IGRT/20'21)  large  rotations  reported  from  the  implanted  marker  registration  are 
beyond  the  maximum  correction  ranges  for  most  commercially  available  six-degree  couches. 
Others  may  even  question  the  accuracy  of  such  large  rotations,  and  how  the  stability  of  the 
markers  and  their  implanted  locations  affect  the  accuracy  of  these  detected  rotations.  The  purpose 
of  this  study  is  to  quantify  geometric  and  dosimetric  effects  with  and  without  compensation 
for  rotations  detected  based  on  marker  registration,  rather  than  to  determine  accuracy  of  the 
rotations  detected  from  the  marker  registration. 


II.  MATERIALS  AND  METHODS 

A.  Patient  selection  and  treatment  planning 

Five  patients,  who  underwent  definitive  external  beam  radiotherapy  for  prostate  cancer,  had 
three  electromagnetic  transponders  implanted  in  the  prostate  for  daily  IGRT,  using  the  Calypso 
4D  localization  system  (Calypso  Medical,  Seattle,  WA).  In  addition,  weekly  or  daily  kilovolt- 
age  cone-beam  CTs  (KV-CBCT)  were  also  acquired  to  cross-check  the  Calypso  system,  as 
needed,  upon  the  request  of  radiation  oncologists.  A  total  of  43  KV-CBCTs  were  available  for 
this  retrospective  study. 

The  patients  were  treated  with  two  different  dose  schemes:  2  Gy  per  fraction  to  a  total  dose 
of  78  Gy,  and  2.5  Gy  per  fraction  to  a  total  dose  of  70  Gy.  For  the  purpose  of  this  study,  the 
prescription  dose  for  all  plans  was  renormalized  to  2  Gy  per  fraction  to  a  total  dose  of  78  Gy 
without  altering  IMRT  optimization.  The  CTV  was  the  prostate  and  the  organs  at  risk  (OAR) 
were  the  bladder  and  rectum.  The  clinical  planning  margins  for  these  patients  were  6  mm/4  mm 
posterior.  The  IMRT  plans  were  created  with  the  Pinnacle  treatment  planning  system  (Pinnacle3, 
8.0m-9.0,  Philips  Radiation  Oncology  System,  Madison,  WI),  using  a  typical  five  beam  arrange¬ 
ment  with  10  MV  photon  beams. 

B.  Quantification  of  the  prostate  displacement 

On  each  KV-CBCT,  the  prostate,  rectum,  and  bladder  were  manually  contoured  by  a  physi¬ 
cian.  Subsequently,  each  CBCT  was  registered  with  the  corresponding  planning  CT  using  four 
different  alignment  methods  (a  total  of  172  imaging  registrations)  including  (i)  manually  align 
the  bones  using  three  degrees  of  freedom  (three  translations  only)  (Bone  T);  (ii)  automatically 
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align  the  three  markers  using  six  degrees  of  freedom  (three  translations  and  three  rotations), 
but  rotations  are  not  corrected  (ROTNC);  (iii)  manually  align  the  three  markers  using  three 
degrees  of  freedom,  which  partially  compensates  rotations  with  translational  shifts  (ROT_C); 
and  (iv)  manually  align  the  prostate  contour  using  three  degrees  of  freedom  (ContourT),  which 
also  partially  compensates  rotations  with  translational  shifts.  After  subtracting  translational 
shifts  from  the  bony  alignment  (Bone  T),  patient  setup  error  was  removed  from  the  other 
three  alignment  methods.  All  the  reported  shifts  in  this  paper  were  the  prostate  displacements 
relative  to  the  pelvic  bones. 

To  quantify  rotations  of  the  prostate,  overall  mean  and  standard  deviation  of  the  rotational 
errors  were  determined  from  the  measurements  of  all  patients.  Systematic  and  random  errors 
were  calculated  according  to  the  method  published  by  Remeijer  et  al/5)  The  systematic  error 
of  the  entire  group  is  the  standard  deviation  of  the  individual  patient  means  corrected  for  the 
limited  and  different  number  of  measurements  for  each  patient.  The  random  error  of  the  entire 
group  is  the  root  mean  square  of  the  individual  patient  standard  deviation,  also  weighted  by 
the  number  of  measurements  for  each  patient. 

To  investigate  whether  the  rotations  of  the  prostate  can  be  compensated  with  translational 
shifts,  we  used  the  contour  registration  method  (Contour  T)  as  a  benchmark  to  evaluate  the 
two  marker  registration  methods  (ROT  NC  and  ROTC)  by  comparing  their  geometric  and 
dosimetric  indices. 

C.  Marker  migration  and  false  identification 

Marker  migration  is  critical  for  detection  of  the  daily  prostate  rotation.  It  can  be  quantified  by 
measuring  the  intermarker  distance  variation  of  the  implanted  markers  between  the  planning 
CT  and  the  daily  CBCT.  Besides  marker  migration,  other  causes  that  might  produce  intermarker 
distance  variation  include  organ  shrinkage,  organ  deformation,  and  position  localization  errors 
of  the  markers.  These  factors  can  affect  the  accuracy  of  the  detected  rotations.  To  examine 
the  stability  and  localization  error  of  the  implanted  markers,  we  measured  the  intermarker 
distances  of  the  treatment  day  with  detected  rotations  greater  than  10°  and  compared  them 
with  the  intermarker  distances  in  the  planning  CT.  We  also  simulated  marker  migration/false 
identification  by  manually  adjusting  the  position  of  one  of  the  three  markers  to  investigate  how 
it  affects  the  detected  rotations.  For  7  fractions  with  rotations  greater  than  10°,  we  moved  the 
selected  marker  by  1  mm  and  2  mm  from  its  original  position  in  axial  plane  and  moved  one 
slice  thickness  (1.5  mm)  superiorly  and  inferiorly. 

D.  Geometric  analysis 

To  minimize  potential  prostate  contour  variations  in  daily  CBCT,  manually  contoured  prostate 
on  each  CBCT,  denoted  as  Prostate_CBCT,  was  used  only  for  contour-based  alignment,  not  for 
geometric  analysis.  After  each  image  registration,  we  used  the  transferred  contours  from  the 
planning  CT  for  geometric  analysis.  The  transferred  contours,  denoted  as  Prostate  ROT  NC, 
Prostate  ROT  C,  and  Prostate  Contour  T,  corresponded  to  the  ROT  NC,  ROT  C,  and 
Contour  T  registrations,  respectively.  All  these  contours  were  the  CTV  contours.  For  the 
ROT  NC  registration,  rotations  were  ignored  for  contour  transferring,  reflecting  a  certain 
clinical  scenario  in  which  a  registration  with  six  degrees  of  freedom  was  performed,  but  only 
translational  shifts  were  corrected.  Figure  1  is  an  example  illustrating  these  prostate  contours 
obtained  from  different  registration  methods. 
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Fig.  1 .  Prostate  contours  from  different  registration  methods  in  (a)  transverse,  (b)  coronal,  and  (c)  sagittal  views.  Prostate 
ROT_NC  is  shown  in  blue,  Prostate_ROT_C  in  red,  Prostate_Contour_T  in  purple,  and  Prostate_CBCT  in  yellow. 


D.1  Center  of  mass  distance 

For  each  of  these  prostate  contours,  a  center  of  mass  (COM)  was  calculated  in  the  same  CBCT 
frame.  As  a  global  measure  of  daily  prostate  displacement,  the  center-of-mass  distance  (CMD) 
of  the  prostate  contours  between  the  bony  registration  and  each  of  the  other  three  registration 
methods  was  calculated  using  the  following  equation: 

d  =  yj(x  -  X0)2  +  (y  -  Jo)2  +  (z  -  zo)2  (1) 

where  d  is  the  CMD,  and  x,  y,  and  z  are  the  coordinates  of  the  COM  of  the  transferred  prostate 
contour  after  each  registration  method,  and  x0,  y0,  and  zQ  are  the  coordinates  of  the  COM  of  the 
transferred  prostate  contour  after  bony  registration.  Using  this  equation,  we  verified  the  result 
of  the  contour-based  registration  by  calculating  the  relative  CMD  between  the  Prostate  CBCT 
and  the  ProstateContourT. 

Using  the  contour  registration  (Contour  T)  as  a  benchmark,  we  compared  the  accuracy  of 
the  two  marker  registration  methods  (ROT  NC  and  ROT  C)  by  calculating  the  relative  CMDs 
between  the  Prostate  Contour  T  and  ProstateROTNC,  and  between  the  ProstateContourT 
and  ProstateROTC. 

D.2  Overlap  index 

To  quantitatively  evaluate  the  geometric  properties  of  the  two  marker  registration  methods,  we 
defined  the  volume  overlap  index  (OI)  as: 


01  = 


Prostate  _  Contour  _  T  f|  T\Prostate  _  CT  ] 
Prostate  Contour  T 


(2) 


where  T  is  the  transformation  applied  to  the  prostate  contour  from  the  planning  CT  (Prostate_CT) 
by  the  two  marker  registration  methods,  and  the  operator  fl  defines  the  common  area  between 
the  two  regions  of  interest.  Thus  we  have: 

Prostate _  Contour  _ T  fl  Prostate  ROT _NC  ^ \ 

Prostate  Contour  T 


and 


OI 


c  ~ 


Prostate  _  Contour  _  T  fl  Prostate  _  ROT  _  C 
Prostate  Contour  T 


(4) 
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where  subscript  NC  and  C  represent  the  ROTNC  and  ROT_C  methods,  respectively.  OI  is  a 
volumetric  measure  for  registration  accuracy,  describing  the  geometric  overlap  between  the 
“prostate  of  the  day”  and  the  “prostate  at  planning”.  Since  all  the  contours  (Prostate_Contour_T, 
Prostate_ROT_NC,  and  Prostate  ROT  C)  presented  in  Eqs.  (3)  and  (4)  are  contours  transferred 
from  the  planning  CT  based  on  different  registration  methods,  OI  is  a  value  ranging  between 
0  and  1 .  The  higher  the  value,  the  more  the  overlap  between  the  actual  target  volume  and  the 
planned  target  volume,  and  thus  the  better  the  registration  outcome. 

E.  Dosimetric  analysis 

For  each  CBCT,  three  verification  plans  were  created  to  calculate  the  radiation  dose  of  the 
treatment  day  using  the  same  beam  configuration  as  the  original  treatment  plan.  The  treatment 
isocenters  for  these  three  verification  plans  were  placed  according  to  the  three  registration 
methods,  ROT_NC,  ROT  C,  and  Contour  T,  respectively.  A  total  of  129  verification  plans  were 
created  and  analyzed.  Since  the  Hounsfield  Units  (HU)  in  CBCT  is  inaccurate  and  unreliable 
for  dose  calculation,  the  electron  density  of  the  CBCT  was  overridden  with  1  g/cm3  for  voxels 
inside  the  patient  external  body  contour,  and  0  (air)  for  voxels  outside  the  external  contour. 

The  clinical  planning  margins  for  the  prostate  were  6  mm,  except  4  mm  posterior.  To  inves¬ 
tigate  the  effect  of  prostate  rotation  with  reduced  planning  margins,  we  chose  not  to  conduct 
replanning  for  each  patient  using  progressively  reduced  planning  margins,  which  may  introduce 
variations  in  initial  plan  quality.  Instead,  we  created  three  expanded  prostates  (namely  Prostate- 
CTVs)  to  simulate  replanning  with  reduced  margins.  These  Prostate-CTVs  were  created  by 
three-dimensionally  expanding  the  Prostate_CBCT  contour  with  2  mm,  4  mm,  and  6  mm  /4  mm 
posterior.  We  calculated  the  doses  to  99%  (D99)  of  these  Prostate-CTVs.  For  verification  plans 
with  6  mm  and  4  mm  posterior  planning  margins,  we  also  evaluated  the  dose  to  5%  and  50% 
(D5  and  D50)  of  the  bladder  and  rectum. 


III.  RESULTS 

A.  Prostate  rotations 

The  prostate  rotations  detected  from  the  ROT  NC  registration  were  recorded  and  are  shown 
in  Fig.  2  for  all  43  fractions.  The  rotations  around  the  anterior-posterior  (AP)  and  superior- 
inferior  (SI)  axes  were  relatively  small  and  primarily  within  the  range  of  -5°  and  +5°, 
while  the  rotations  around  the  left-right  (FR)  axis  were  larger,  at  times  exceeding  10°.  The 
overall  mean  and  standard  deviation  (SD)  of  the  rotations  were  3.3°  ±  5.8°,  -1.4°  ±  2.9°,  and 
-0.8°  ±  2.8°,  for  the  FR,  AP,  and  SI  axes,  respectively.  The  systematic  SDs  were  4.6°,  2.3°,  and 
2.1°,  and  the  random  SDs  were  4.1°,  2.0°,  and  2.0°  for  the  three  axes,  respectively  (Table  1). 


Fig.  2.  Prostate  rotations  about  the  left-right  (LR),  anterior-posterior  (AP),  and  superior-inferior  (SI)  axes  for  43  fractions. 
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Table  1.  Prostate  rotation  variations  (in  degrees)  about  the  left-right  (LR),  anterior-posterior  (AP),  and  superior- 
inferior  (SI)  axes. 


LR 

AP 

SI 

Overall  Mean 

3.3 

-1.4 

-0.8 

Overall  SD 

5.8 

2.9 

2.8 

Systematic  SD 

4.6 

2.3 

2.1 

Random  SD 

4.1 

2.0 

2.0 

B.  Marker  migration  and  false  identification 

Among  43  fractions,  7  fractions  from  three  patients  had  rotations  greater  than  10°.  The  average 
intermarker  distance  for  these  fractions  was  23.3  ±  7.0  mm.  The  average  absolute  variation  of 
intermarker  distance  was  0.8  ±  0.6  mm.  Four  fractions  exhibited  marker  migrations  greater  than 
1  mm,  with  a  maximum  of  2.4  mm.  Simulation  results  of  marker  migration/false  identification 
showed  that  with  1  mm  variation  of  the  marker  position,  variation  in  rotations  was  less  than 
2°;  with  2  mm  variation  of  the  marker  position,  the  maximum  variation  in  the  rotations  was 
6°.  Changing  the  marker  position  to  its  adjacent  image  slice  (slice  thickness  1.5  mm)  resulted 
in  3°  variation  of  the  rotations. 

C.  Geometric  analysis 

The  CMD  between  the  transferred  prostate  contour  based  on  contour  registration  and  the  physi¬ 
cian  drawn  contour  on  the  CBCT  is  shown  in  Fig.  3(a).  This  distance  is  a  global  measure  of  the 
potential  prostate  deformation  and  contouring  uncertainty,  which  was  detected  to  be  less  than 
1.9  mm  (1.3  ±  0.5  mm)  for  95.3%  of  the  fractions.  Thus,  it  is  reasonable  to  use  contour-based 
registration  as  our  benchmark  for  comparison  of  the  two  marker-based  registration  methods. 

Figure  3(b)  demonstrates  the  CMDs  between  the  prostates  from  the  contour-based  registration 
(ContourT)  and  from  the  marker-based  registration  with  rotations  zero  out  (ROTNC),  and 
the  CMD  between  the  prostates  from  the  contour-based  registration  and  from  the  marker-based 
translation  only  registration  (ROT_C).  Figure  3(b)  also  shows  the  CMD  differences  between 
the  two  marker-based  registrations.  It  is  observed  that  when  compared  with  the  prostate  contour 
from  the  ROT  NC  registration,  the  prostate  contour  from  the  ROT  C  registration  is  closer  to 
the  prostate  contour  from  the  Contour  T  registration,  especially  when  the  rotation  is  large.  The 
mean  CMDs  were  6.6  mm  and  3.9  mm,  respectively.  The  difference  between  the  two  CMDs 
ranged  from  -0.9  mm  to  8.3  mm  when  the  maximum  rotation  (absolute  value)  from  all  three 
axes  varied  from  0.9°  to  13.8°.  When  the  rotation  was  greater  than  10°,  the  difference  in  CMD 
between  the  prostates  from  the  two  marker-based  registrations  was  greater  than  5  mm  in  6  of 
7  (85.7%)  fractions.  When  the  rotation  was  greater  than  6°,  the  difference  in  CMD  was  greater 
than  4  mm  in  1 1  of  18  fractions  (61.1%).  The  statistics  of  the  two  CMDs  and  their  differences 
are  summarized  in  Table  2. 

The  average  OI  between  the  transferred  prostate  contour  based  on  contour  registration  and 
the  physician  drawn  contour  on  the  CBCT  is  0.79  ±  0.06,  as  shown  in  Fig.  4(a).  This  index 
includes  the  potential  prostate  deformation,  as  well  as  prostate  contour  uncertainties  in  the 
CBCTs.  We  were  not  able  to  separate  these  two  factors.  However,  the  contouring  uncertain¬ 
ties  had  a  smaller  impact  on  the  CMDs.  As  shown  in  Fig.  3(a),  the  average  CMD  between 
the  Prostate  Contour  T  and  the  Prostate  CBCT  of  1.3  ±  0.5  mm  indicated  that  the  prostate 
deformation  might  be  minimal. 

Figure  4(b)  compares  the  OI  averaged  over  each  patient  for  the  two  marker  registration 
methods.  In  general,  OIc  exhibits  greater  value  than  OINC,  indicating  that  better  geometric 
overlap  between  the  “prostate  of  the  day”  and  the  “prostate  at  planning”  can  result  from  the 
marker  registration  with  translational  correction.  In  three  of  five  patients,  OIc  shows  over  10% 
improvement  of  overlap  when  compared  with  OINC. 


Journal  of  Applied  Clinical  Medical  Physics,  Vol.  14,  No.  3,  2013 


183  Shang  et  al.:  Prostate  rotation  cannot  be  dismissed 


183 
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Fig.  3.  Center  of  mass  distance  (CMD):  (a)  between  the  Prostate_Contour_T  and  Prostate_CBCT;  (b)  between  the  Prostate 
Contour  T  and  Prostate  ROT  NC,  between  the  Prostate  Contour  T  and  Prostate  ROT  C,  and  the  difference. 


Table  2.  Center  of  mass  distance  (CMD)  of  prostate  shifts  between  the  contour-based  and  two  marker-based 
registrations. 


CMD  Between  ROT  NC  and 
ContourjC 39> 

CMD  Between  ROT  C  and 
Contour C39) 

Difference (39) 

Max. 

15.8 

9.1 

8.3 

Min. 

1.9 

1.4 

-0.9 

Mean 

6.6 

3.9 

2.7 

SD 

2.6 

1.8 

2.4 

Journal  of  Applied  Clinical  Medical  Physics,  Vol.  14,  No.  3,  2013 


184 


Shang  et  al.:  Prostate  rotation  cannot  be  dismissed 


184 


(a) 


(b) 


1  2  3  4  5 

Patient 


■  ROT_NC  ■  ROT_C 


J 1 

1 . . 

.  J 

H 

1  2  3  4  5 

Patient 


Fig.  4.  Overlap  index  (OI):  (a)  the  average  OI  for  Prostate_Contour_T  and  Prostate_CBCT  for  each  patient;  (b)  the  average  OI 
for  each  patient  compared  between  the  two  marker-based  registration  methods.  Error  bar  shows  one  standard  deviation. 


D.  Dosimetric  analysis 

Figure  5  shows  the  ratios  of  D99  of  the  Prostate-CTVs  from  three  types  of  verification  plans 
to  the  planned  D99  of  the  prostate  with  three  equivalent  planning  margins.  With  6  mm/4  mm 
posterior  planning  margins,  D99  of  the  prostate  was  significantly  different  between  the  two 

marker  registrations  (p  =  0.01) - 3.6  ±  9.0%  difference  from  the  planned  dose  for  the  ROTC 

method,  compared  to  -8.0  ±  12.3%  for  the  ROTNC  method.  The  dose  differences  (p  <  0.05) 
between  the  two  methods  increased  as  the  planning  margins  decreased,  as  shown  in  Table  3. 
For  example,  with  a  2  mm  margin  reduction  (equivalent  to  a  2  mm  expansion  of  the  prostate 
in  this  study),  the  ROT  C  method  could  improve  dose  coverage  to  the  Prostate-CTV  D99  by 
6.9%.  From  Fig.  5,  the  contour-based  registration  achieved  the  best  dose  coverage,  followed 
by  the  ROT_C  method  as  the  planning  margin  progressively  reduced. 

The  dosimetric  improvement  of  translational  correction  is  greater  when  the  magnitude  of 
the  rotation  is  large.  For  example,  for  a  patient  with  detected  rotations  of  8.8°  ±  2.9°  around  the 
LR  axis,  the  average  daily  D99  of  the  prostate  was  1.99  Gy  (99.7%  of  the  planned  dose,  with 
a  daily  prescription  dose  of  2.0  Gy)  with  the  ROT  C  method,  compared  to  1 .68  Gy  (84.4%  of 
the  planned  dose)  with  the  ROT  NC  method.  As  the  planning  margin  decreased  to  4  mm/2  mm 
posterior,  the  average  daily  D99  of  the  Prostate-CTV  improved  from  1 .39  Gy  from  the  ROTNC 
method  to  1 .82  Gy  from  the  ROT  C  method,  a  21 .4%  improvement  by  compensating  rotations 
with  translational  shifts. 

Figure  6  shows  doses  to  5%  (D5)  and  50%  (D50)  of  the  bladder  and  rectum  for  the  two 
marker  registration  methods.  D5  of  the  bladder  and  D50  of  the  rectum  did  not  reach  statistically 
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significant  differences  (p-values  were  0.09  and  0.44,  respectively)  by  the  ROTNC  and  ROTC 
methods.  D5  of  the  rectum  was  lower  than  the  planned  dose  for  both  methods,  and  D50  of 
the  bladder  was  significantly  lower  for  the  ROT_C  method  (p  =  0.004).  We  also  noticed  that 
the  dose  variation  in  D50  of  the  bladder  was  largely  due  to  the  large  volume  variation  of  the 
bladder  during  the  treatment  course.  The  average  dose  differences  for  OAR  from  all  fractions 
between  the  dose  of  the  day  and  the  dose  of  the  plan  are  listed  in  Table  4. 
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Fig.  5.  Average  D99  of  the  Prostate-CTV  as  a  function  of  CTV  expansion  margins  for  the  three  registration  methods. 
D99  is  expressed  as  a  ratio  of  the  daily  dose  to  the  planned  daily  D99  of  the  prostate.  Error  bar  represents  one  standard 
deviation. 


Table  3.  Average  difference  in  D99  of  the  Prostate-CTV  between  the  daily  and  planned  dose. 


CTV  Expansion  (39) 

Registration  Methods 

0 

2  4 

6/4 

ROT  NC 

-8.0±12.3% 

-22.0±16.2% 

-28.7±15.8% 

-39.0±15.3% 

ROTC 

-3.6±9.0% 

-15.1±15.2% 

-20.4±14.7% 

-31.9±15.1% 

ContourT 

-1.6±5.2% 

-11.3±15.0% 

-15.6±14.4% 

-28.3±16.3% 

Improvement  by  correction 

4.4% 

6.9% 

8.3% 

7.1% 

Note:  The  differences  are  expressed  in  percentage  (%)  of  the  planned  D99  of  the  prostate  as  a  function  of  CTV 
expansion  margins.  Negative  mean  value  indicates  less  dose  in  daily  D99  of  the  Prostate-CTV  when  compared  to  the 
planned  dose. 
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Fig.  6.  Average  D5  and  D50  of  the  bladder  and  rectum.  Column  represents  mean  value  (normalized  to  the  planned  dose) 
and  error  bar  corresponds  to  one  standard  deviation. 


Journal  of  Applied  Clinical  Medical  Physics,  Vol.  14,  No.  3,  2013 


186  Shang  et  al.:  Prostate  rotation  cannot  be  dismissed 


186 


Table  4.  Average  dose  difference  for  OAR  between  the  daily  and  planned  dose. 


OAR  Dose 


Registration  Methods 

Bladder  D5 

Bladder  D50 

Rectum  D5 

Rectum  D50 

ROT  NC 

7.2±15.9% 

48.5±133.4% 

-10.5±19.5% 

1.2±41.7% 

ROTC 

4.8±13.2% 

10.1±98.4% 

-4.7±10.2% 

-1.3±30.5% 

ContourT 

0.8±11.8% 

0.9±77.2% 

0.2±7.9% 

7.2±40.0% 

Note:  The  differences  are  expressed  in  percentage  (%)  of  the  planned  dose  as  the  mean  ±  standard  deviation.  Negative 
mean  value  indicates  better  organ  sparing  compared  with  the  original  plan. 


IV.  DISCUSSION 

We  investigated  the  magnitude  and  distribution  of  the  prostate  interfractional  rotations  and 
evaluated  the  geometric  and  dosimetric  effects  of  the  rotations.  Precisely  correcting  the  pros¬ 
tate  organ  rotation  is  clinically  important  but  challenging,  especially  when  rotation  angles 
are  large.  Recent  development  of  six-degree  treatment  couches  has  enabled  correction  of  the 
rotations/9’17’22"23)  but  such  treatment  couches  are  not  widely  available  or  able  to  correct  large 
magnitude  of  rotations.  For  the  purpose  of  patient  safety,  the  correction  range  for  a  typical  six- 
degree  couch  is  about  4°-5°.  Other  correction  strategies  have  been  proposed,  such  as  gantry 
and  collimator  angle  adjustments  to  partially  correct  for  left-right  rotations/24)  offline  adaptive 
planning/25"27)  and  dynamic  MLC  tracking/28)  However,  most  of  these  strategies  are  in  the 
investigation  stages  and  are  not  yet  clinically  practical. 

During  treatment  for  most  patients  with  prostate  cancer,  patient  positioning  errors  and  pros¬ 
tate  displacement  are  often  not  separated.  In  this  study,  we  used  a  dual  imaging  registration 
method  to  separate  the  positioning  errors  and  prostate  displacement.  Because  reported  rotation 
errors  in  patient  positioning  were  small,  we  used  the  bony  registration  with  translational  shifts 
to  determine  the  positional  setup  errors.  Subtracting  the  translational  shifts  from  the  bone 
registration,  the  translational  shifts  and  rotations  from  the  marker  registration  were  primarily 
from  the  displacement  of  the  prostate,  or  artifact  of  the  registration  method. 

Nevertheless,  Table  5  compares  our  data  with  other  reported  data  in  the  literature  for  both 
systematic  and  random  components  of  prostate  rotations  detected  with  three  imaging  registra¬ 
tion  methods.  The  systematic  component  describes  the  variation  of  the  mean  displacement  of 
the  prostate,  while  the  random  component  delineates  the  day-to-day  position  variation  of  the 
prostate.  Compared  to  the  results  from  marker  registration,  our  data  agree  well  with  previous 


Table  5.  Systematic  and  random  components  (in  degrees)  of  prostate  rotations  in  the  literature. 


Systematic  Components  Random  Components 


Authors 

LR 

AP 

SI 

LR 

AP 

SI 

Contour-based 

Registration 

Van  Herk  et  al/29) 
Stroom  et  al/10) 

N/A 

3.6 

N/A 

0.8 

N/A 

1.7 

4.0 

3.3 

1.3 

0.9 

2.1 

1.5 

Hoogeman  et  al/13) 

5.1 

1.3 

2.2 

3.6 

1.6 

2.0 

Image-based 

Registration 

Nijkamp  et  al/25) 

2.9 

0.9 

1.0 

3.0 

1.0 

1.1 

Dehnad  et  al/11) 

4.7 

2.0 

2.7 

3.6 

1.7 

1.9 

Aubry  et  al/12) 

5.6 

2.2 

2.4 

6.1 

2 

2.8 

Marker-based 

Registration 

Graf  et  al/17) 

Van  der  Heide  et  al/20) 
Lips  et  al/19) 

4.1 

6.8 

6.3 

2.3 

2.8 

2.0 

1.6 

2.8 

2.8 

3.1 

3.1 

4.9 

1.8 

1.7 

1.0 

2.0 

2.0 

1.4 

Owen  et  al/16) 

7.6 

5.0 

7.7 

10.2 

6.5 

15.8 

Our  study 

4.6 

2.3 

2.1 

4.1 

2.0 

2.0 
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results  from  Dehnad  et  al/11)  and  Graf  et  al/17)  Except  for  the  study  conducted  by  Owen  et 
al./16)  prostate  rotation  around  the  LR  axis  was  found  to  be  the  largest  of  the  three  axes.  Lips 
et  al/19)  and  van  der  Heide  et  al/2°)  found  larger  systematic  error  (6.3°  and  6.8°,  respectively) 
than  others  around  the  LR  axis,  and  Aubry  et  al/12)  also  reported  greater  random  error  (6.1°) 
around  the  LR  axis. 

The  variation  of  the  reported  prostate  rotations  (Table  5)  may  stem  from  differences  in  treat¬ 
ment  protocols,  image  registration  approaches,  and  mathematical  methods  for  error  computation 
at  each  institute.  Some  studies  matched  the  prostate  contours  in  the  planning  CT  with  those  in 
the  repeated  CT  scans  to  get  the  rotations  of  the  prostate  relative  to  the  pelvic  bones/3,10’13)  while 
others  performed  the  registration  based  on  the  implanted  markers/11"12’16"17’19"20)  In  addition, 
the  mathematical  equations  used  to  compute  the  systematic  and  random  errors  might  be  slightly 
different  from  one  study  to  another.  Lor  example,  Owen  et  al/16)  computed  the  errors  using 
the  method  described  by  van  Herk/29)  and  Stroom  et  al./10)  and  Hoogeman  et  al/13)  utilized  a 
similar  method  but  corrected  the  systematic  error  for  the  finite  number  of  measurements.  Aubry 
et  al/12)  employed  an  approach  by  Remeijer  et  al./5)  not  only  considering  the  limited  size  of 
samples,  but  also  accounting  for  the  different  number  of  measurements  for  each  patient.  In 
this  study,  we  used  the  same  method  as  that  in  the  Remeijer  study.  Lurthermore,  the  selection 
of  rotation  center  has  a  strong  effect  on  the  resultant  rotations.  Owen  and  colleagues  used  the 
marker  placed  near  the  apex  of  the  prostate  as  the  pivot  point  for  rotation  computation,  while 
for  most  of  the  other  studies,  rotations  were  measured  at  the  centroid  of  the  prostate  contours 
or  the  centroid  of  the  markers,  depending  on  whether  the  contour-based  or  marker-based  reg¬ 
istration  method  is  used.  The  Owen  study  reported  much  greater  rotations  (7.6°,  5.0°,  and  7.7° 
for  systematic  and  10.2°,  6.5°,  and  15.8°  for  random)  than  others. 

In  this  study,  the  registration  was  performed  in  the  treatment  planning  system  instead  of  the 
on-board  imaging  system  of  the  linear  accelerator.  Daily  CBCT  and  the  planning  CT  are  served 
as  the  primary  and  secondary  image  for  fusion,  respectively.  The  secondary  image  is  translated 
and  rotated  to  match  the  primary  image.  The  resultant  rotations  were  measured  around  the 
image  volume  center  of  the  secondary  image  (planning  CT).  Rotations  could  also  be  measured 
at  the  treatment  isocenter/30)  However,  the  centroid  of  the  markers,  which  in  general  represents 
the  center  of  mass  of  the  prostate  organ,  could  be  different  from  the  treatment  isocenter  or  the 
image  center.  Lor  example,  for  concurrent  treatment  of  the  prostate  and  pelvic  lymph  nodes,  the 
isocenter  is  usually  placed  outside  of  the  prostate.  Isocenter  may  also  be  adjusted  away  from 
the  center  of  the  prostate  because  of  practical  reasons.  In  these  cases,  if  rotations  are  measured 
around  the  isocenter,  or  any  point  other  than  the  centroid  of  the  markers  (e.g.,  image  volume 
center),  ignoring  such  rotation  will  introduce  a  translational  error  at  the  centroid  of  the  markers, 
indicating  prostate  displacement  from  its  supposed  position.  Lor  instance,  Linthout  et  al/23) 
reported  that  a  tilt  rotation  of  2.5°  at  the  foot  end  of  the  couch  could  lead  to  a  vertical  shift  of 
4.5  cm  at  the  isocenter  for  a  standard  prostate  cancer  patient  positioning  (where  the  isocenter 
is  close  to  the  center  of  the  prostate). 

The  ROTNC  method  obtains  a  six-degree-of-freedom  solution,  but  only  applies  the  trans¬ 
lational  components  of  the  solution  for  correction.  In  the  scenario  where  the  rotation  center  is 
different  from  the  centroid  of  the  markers,  only  the  rotation  center  is  corrected  precisely  with 
the  ROT  NC  method  (under  the  assumption  of  no  prostate  deformation  and  other  uncertainties 
such  as  marker  migration).  Lor  all  the  other  points  in  the  image,  especially  for  points  inside  the 
prostate  which  we  are  interested  in,  there  will  be  a  translational  error  produced  by  the  uncor¬ 
rected  rotation.  The  magnitude  of  the  error  depends  on  the  distance  to  the  rotation  center  and 
the  detected  rotation  at  that  point.  Mathematically,  the  translational  error  at  the  centroid  of  the 
markers  due  to  uncorrected  rotations  can  be  estimated  roughly  by  Eq.  (5)  according  to  the  law 
of  cosines  in  Euclidean  geometry: 

error  =  77^2(1  -  cos#)  (5) 
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where  D  is  the  distance  between  the  centroid  of  the  markers  and  the  rotation  center,  and  0  is 
the  rotation  angle  about  the  LR  axis  (assuming  rotations  about  the  AP  and  SI  axes  are  small 
enough  to  be  neglected).  Figure  7  shows  the  magnitude  of  the  measured  and  estimated  error  of 
the  ROTNC  method  at  the  centroid  of  the  markers  from  its  true  position  where  rotations  are 
corrected  precisely.  Except  for  a  few  fractions  where  the  assumption  of  small  rotations  about 
the  other  two  axes  was  not  satisfied,  the  measured  errors  agreed  well  with  the  estimated  ones 
for  the  majority  of  fractions.  A  greater  distance  D  and/or  larger  rotation  angle  0  creates  larger 
error.  For  example,  for  a  patient  with  D  =  7.3  cm  and  0  =  4.9°,  the  measured  translational  error 
associated  with  the  ROT  NC  method  was  6.8  mm;  for  another  patient  with  D  =  3.5  cm  and  0  = 
4.5°,  the  error  was  2.2  mm.  For  the  same  patient  with  D  =  3.5  cm,  the  error  was  4.0  mm  when 
the  detected  rotation  was  9.4°,  compared  to  0.5  mm  error  when  the  rotation  was  less  than  1°. 

On  the  other  hand,  the  ROT_C  method  uses  only  three  degrees  of  freedom  for  correction. 
The  resultant  translational  solution  contains  two  separable  components.  The  first  component 
corrects  the  initial  translational  error  (three  translations  from  the  six-degree-of- freedom  solu¬ 
tion)  to  the  rotation  center;  and  the  second  component  compensates  for  translations  caused  by 
the  rotation  for  points  in  the  prostate  by  matching  the  three  markers.  Therefore,  the  centroid  of 
the  three  implanted  markers  is  precisely  corrected  (theoretically,  with  the  same  assumption  as 
above).  For  other  points  inside  the  prostate,  the  second  translational  component  only  partially 
corrects  for  rotations.  Thus,  the  residual  translational  errors  of  the  prostate  from  the  ROTC 
method  are  smaller  than  those  from  the  ROT  NC  method.  Using  contour-based  registration  as 
our  benchmark,  the  displacement  of  the  prostate  from  its  supposed  position  after  correction  by 
the  two  marker-based  registration  methods  was  quantified  by  the  center  of  mass  distance  and 
overlap  index  (Figs.  3  and  4).  In  the  scenario  where  the  rotation  center  is  the  centroid  of  the 
prostate,  the  ROT_NC  method  will  produce  the  same  results  as  that  of  the  ROT  C  method.  To 
avoid  substantial  shifts  of  the  prostate  centroid  caused  by  the  ROT  NC  method,  placing  the 
isocenter  close  to  the  centroid  of  the  implanted  markers  is  recommended.  Otherwise,  using  the 
ROT  C  method  is  recommended. 

The  detected  rotations  from  marker  registration  may  depend  on  spatial  relationship  of  the 
implanted  markers,  marker  stability  within  the  prostate,  and  the  accuracy  of  the  marker  iden¬ 
tification.  It  is  speculated  that  when  markers  are  implanted  close  to  each  other,  large  organ 
rotations  may  be  falsely  rendered.  Migration  or  localization  errors  of  implanted  markers  could 
also  lead  to  falsely  rendered  rotations.  Although  several  studies  reported  that  the  average  marker 
movement  was  very  small,  on  the  order  of  1  mm/11’31-34)  there  was  evidence  of  relatively  large 
intermarker  distance  variations  for  individual  patients.  McNair  et  al.(35)  found  marker  migra¬ 
tion  of  more  than  2  mm  in  10%  (3  of  30)  patients;  Deutschmann  et  al.(18)  observed  24  of  342 
patients  had  intrapro static  migrations  of  one  of  four  markers  greater  than  3  mm,  and  1 0  greater 


Fig.  7.  The  magnitude  of  measured  and  estimated  errors  associated  with  the  ROT_NC  method. 
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than  4  mm;  while  Kupelian  et  al/34)  reported  that  in  47  of  56  patients  (84%),  the  maximum 
intermarker  distance  variation  was  at  least  2  mm,  and  the  percentage  for  3,  4,  5  mm  variation 
were  41  %,  1 8%,  and  9%,  respectively.  They  also  reported  that  the  maximum  standard  deviation 
of  the  intermarker  distance  was  4.2  mm  and  the  maximum  observed  variation  was  10.2  mm. 
The  infrequent  yet  potential  marker  migrations  may  have  more  profound  effect  on  the  resulted 
rotations  than  translations/18) 

By  examining  the  intermarker  distance  variation  of  fractions  with  detected  rotations  greater 
than  10°,  we  observed  the  maximum  variation  of  the  Calypso  transponders  exceeded  2  mm 
in  two  patients.  Studies  have  shown  that  the  migration  of  Calypso  transponders  is  within  the 
similar  range  of  gold  markers  routinely  implanted  for  prostate  treatment/36)  When  large  inter¬ 
marker  distance  variations  (up  to  a  few  millimeters)  occurred,  either  substantial  marker  migra¬ 
tion  or  significant  organ  deformation  was  indicated/31,34)  In  these  cases,  the  rotations  detected 
by  marker  registration  may  not  truly  represent  the  actual  organ  displacement.  Our  simulation 
experiment  reported  up  to  6°  of  rotation  variation  resulted  from  2  mm  marker  migration/false 
identification,  indicating  that  a  small  migration  of  the  implanted  markers  or  a  small  localization 
error  in  marker  positions  may  result  in  a  large  degree  of  rotation.  Such  uncertainties  in  rotation 
detection  will  further  hamper  the  accuracy  of  rotation  correction.  On  the  other  hand,  marker 
migrations  and  false  identification  will  have  less  influence  on  the  accuracy  of  the  translational 
shifts.  Using  translational  shifts  to  compensate  for  rotational  error  of  the  prostate  is  a  safe  strat¬ 
egy  which  will  not  be  affected  substantially  by  the  potential  marker  migration  or  localization 
errors  of  the  marker  positions. 

Mutanga  et  al/37)  found  the  benefit  of  rotation  corrections  was  insignificant  for  systematic 
error  around  the  LR  axis  of  4.3°  and  random  error  of  4.5°  for  patients  receiving  treatment  to 
the  prostate  only.  With  3  mm  uniform  planning  margin,  they  reported  the  average  increase  in 
population  Dmin  with  rotation  corrections  was  only  0.3  ±  0.8  Gy.  However,  Lips  et  al/19)  observed 
patients  with  large  rotations  had  considerable  dose  reduction  in  the  CTV  in  a  study  with  plan¬ 
ning  margins  of  2,  4,  6,  and  8  mm.  It  was  concluded  that  without  correcting  the  rotation  errors, 
online  translational  correction  produced  little  improvement  compared  with  off-line  verification 
for  complex  prostate  IMRT  plans.  A  study  by  Li  et  al/3°)  also  shown  that  the  dosimetric  impact 
of  prostate  rotation  was  more  significant  than  the  impact  of  translational  shifts  in  intrafractional 
motion.  They  concluded  that  the  treatment  margin  can  be  reduced  substantially  if  the  residual 
rotational  errors  can  be  managed  within  1  °  in  any  direction.  In  our  study,  we  found  that  correct¬ 
ing  rotation  errors  becomes  more  important  when  a  smaller  planning  margin  is  used  to  reduce 
normal  tissue  toxicity,  as  well  as  for  patients  with  greater  distances  between  the  centroid  of 
the  markers  and  the  rotation  center,  and  patients  with  large  rotation  angles.  For  example,  for 
patients  with  distances  7.3  cm  and  3.5  cm,  the  daily  D99  of  the  prostate  was  1.82  Gy  (90.9% 
of  the  planned  dose)  and  1.91  Gy  (95.3%  of  the  planned  dose),  respectively,  for  the  ROT  NC 
method  when  the  rotation  was  about  4°  for  both  cases.  As  the  planning  margin  decreased  from 
6  mm/4  mm  to  4  mm/2  mm,  and  further  to  2  mm/0  mm  posterior,  the  improvement  of  D99  of 
the  prostate  with  translational  correction  increased  from  4.4%  to  6.9%,  and  further  to  8.3% 
(Table  3).  Such  improvement  in  D99  is  even  greater  for  patients  exhibiting  large  rotations.  For 
example,  for  a  selected  patient  with  rotations  of  8.8°  ±  2.9°,  2.0°  ±  1 .7°,  and  2.3°  ±  1 .5°  around 
the  LR,  AP,  and  SI  axes,  for  planning  margins  of  6  mm/4  mm,  4  mm/2  mm,  and  2  mm/0  mm 
posterior,  the  translational  correction  method  improved  D99  of  the  prostate  by  15.3%,  21.4%, 
and  25.9%,  respectively. 

It  should  be  noted  that,  in  this  study,  we  only  investigated  the  rotations  from  the  prostate 
motion  alone.  We  did  not  specifically  examine  the  movement  of  the  seminal  vesicles  because 
fiducial  markers  were  not  routinely  implanted  in  the  seminal  vesicles  to  monitor  the  organ 
motion.  However,  the  dosimetric  impact  of  rotation  errors  on  seminal  vesicles  is  worthy 
of  further  investigation,  since  it  is  known  that  the  seminal  vesicles  move  even  more  than 
the  prostate/38) 
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V.  CONCLUSIONS 

This  study  indicates  that  the  rotation  of  the  prostate  resulting  from  marker  registration  may  be 
substantial.  Without  correcting  the  rotation  error,  inadequate  dosimetric  coverage  to  the  prostate 
may  result,  especially  when  the  rotations  are  large.  Purposely  placing  the  isocenter,  which  is 
presumed  to  be  the  rotation  center  of  the  image  registration  method,  close  to  the  centroid  of 
the  implanted  markers  can  minimize  the  potential  rotation  error  when  an  automatic  marker 
registration  method  is  applied  without  a  six-degree  couch.  Otherwise,  manually  registering  the 
implanted  markers  with  translational  shifts,  which  partially  compensates  rotations,  is  recom¬ 
mended,  especially  when  the  magnitude  of  the  rotation  is  large. 
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Summary 

One  thousand  forty-five 
fractions  of  real-time  pros¬ 
tate  tracking  data  from  31 
patients  were  used  to  assess 
the  relationship  of  reposi¬ 
tioning  frequency  and  plan¬ 
ning  margins  on  geometric 
coverage  of  the  prostate. 
Results  showed  comparable 
magnitude  of  intrafraction 
prostate  motion  between  the 
superior-inferior  and 
anterior-posterior  directions. 
Under  ideal  circumstances, 
1-,  2-,  and  3 -mm  vector 
planning  margins  require  an 
imaging  frequency  of  every 
15,  60,  and  240  seconds  to 
account  for  intrafraction 
prostate  motion,  respectively. 


Purpose:  Correction  for  intrafraction  prostate  motion  becomes  important  for  hypofraction  treat¬ 
ment  of  prostate  cancer.  The  purpose  of  this  study  was  to  estimate  an  ideal  planning  margin  to 
account  for  intrafraction  prostate  motion  as  a  function  of  imaging  and  repositioning  frequency  in 
the  absence  of  continuous  prostate  motion  monitoring. 

Methods  and  Materials:  For  31  patients  receiving  intensity  modulated  radiation  therapy  treat¬ 
ment,  prostate  positions  sampled  at  10  Hz  during  treatment  using  the  Calypso  system  were 
analyzed.  Using  these  data,  we  simulated  multiple,  less  frequent  imaging  protocols,  including 
intervals  of  every  10,  15,  20,  30,  45,  60,  90,  120,  180,  and  240  seconds.  For  each  imaging 
protocol,  the  prostate  displacement  at  the  imaging  time  was  corrected  by  subtracting  prostate 
shifts  from  the  subsequent  displacements  in  that  fraction.  Furthermore,  we  conducted  a  principal 
component  analysis  to  quantify  the  direction  of  prostate  motion. 

Results:  Averaging  histograms  of  every  240  and  60  seconds  for  all  patients,  vector  displace¬ 
ments  of  the  prostate  were,  respectively,  within  3  and  2  mm  for  95%  of  the  treatment  time. 
A  vector  margin  of  1  mm  achieved  91.2%  coverage  of  the  prostate  with  30  second  imaging. 
The  principal  component  analysis  for  all  fractions  showed  the  largest  variance  in  prostate  posi¬ 
tion  in  the  midsagittal  plane  at  54°  from  the  anterior  direction,  indicating  that  antero superior  to 
inferoposterior  is  the  direction  of  greatest  motion.  The  smallest  prostate  motion  is  in  the  left- 
right  direction. 

Conclusions:  The  magnitudes  of  intrafraction  prostate  motion  along  the  superior-inferior  and 
anterior-posterior  directions  are  comparable,  and  the  smallest  motion  is  in  the  left-right  direc¬ 
tion.  In  the  absence  of  continuous  prostate  motion  monitoring,  and  under  ideal  circumstances, 
1-,  2-,  and  3 -mm  vector  planning  margins  require  a  respective  imaging  frequency  of  every  15, 
60,  and  240  to  account  for  intrafraction  prostate  motion  while  achieving  adequate  geometric 
target  coverage  for  95%  of  the  time.  ©  2013  Elsevier  Inc. 


Reprint  requests  to:  Ping  Xia,  PhD,  9500  Euclid  Ave,  Department  of 
Radiation  Oncology,  Cleveland  Clinic,  Cleveland,  OH  44195.  Tel:  (216) 
444-1938;  Fax:  (216)  444-8934;  E-mail:  xiap@ccf.org 


This  research  is  supported  in  part  by  the  United  States  Army  Medical 
Research  and  Materiel  Command  (USAMRMC,  W81XWH-080-0358). 
Conflict  of  interest:  none. 


Int  J  Radiation  Oncol  Biol  Phys,  Vol.  85,  No.  3,  pp.  700—706,  2013 
0360-3016/$  -  see  front  matter  ©  2013  Elsevier  Inc.  All  rights  reserved. 
http://dx.doi.Org/10.1016/j.ijrobp.2012.05.044 


Volume  85  •  Number  3  •  2013 


Relationship  of  prostate  intrafraction  imaging  and  planning  margin  701 


Introduction 

Modern  radiation  therapy  for  prostate  cancer,  imaging-guided 
radiotherapy  in  particular,  has  significantly  improved  our  ability  to 
localize  the  prostate  prior  to  each  treatment.  With  daily  imaging 
guidance,  the  reduction  of  planning  margins  from  1.0- 1.5  cm  to 
0.5-0.8  cm  in  intensity  modulated  treatment  plans  permits  dose 
escalation  with  tolerable  treatment  toxicities  in  the  rectum  and 
bladder  (1-5).  Hypofractionated  treatment  regimens  may  further 
increase  efficacy  of  radiation  therapy  according  to  the  increasing 
evidence  of  a  low  alpha-beta  ratio  in  prostate  cancer  (2).  Further 
reduction  of  the  planning  margins  in  hypofractionated  stereotactic 
body  radiation  therapy  (SBRT)  demands  more  precise  prostate 
localization  before  treatment  and  more  frequent  imaging  guidance 
during  treatment.  Furthermore,  because  the  higher  dose  per  frac¬ 
tion  may  prolong  the  treatment  time,  the  probability  of  intra¬ 
fraction  prostate  motion  is  greater  than  in  conventional  treatments. 
Using  an  electromagnetic  device  (Calypso,  Calypso  Medical, 
Seattle  WA),  monitoring  the  prostate  motion  and  intervention 
during  treatment  is  possible  at  a  frequency  of  10  Hz.  If  real-time 
monitoring  at  such  a  high  frequency  is  not  available,  the  rela¬ 
tionship  between  the  frequency  of  intrafraction  monitoring  and 
planning  margins  is  not  clear.  The  purpose  of  this  study  was  to 
determine  the  magnitude  of  intrafraction  prostate  motion  using 
real-time  positioning  data  and  to  assess  the  idealized  relationship 
between  the  planning  margins  and  frequency  of  imaging  guidance 
during  treatment  in  the  absence  of  continuous  monitoring  of  the 
prostate  location  during  treatment. 

Methods  and  Materials 

Thirty-one  patients  with  prostate  cancer  were  treated  using 
intensity  modulated  radiation  therapy  (IMRT).  They  underwent 
real-time  monitoring  using  an  electromagnetic  tracking  system 
(Calypso)  at  our  institution,  and  data  from  these  patients  were 
retrospectively  analyzed.  All  patients  underwent  implantation  of 
3  beacon  transponders  within  the  prostate  before  simulation.  A 
typical  IMRT  course  consisted  of  38-39  fractions.  In  our  clinical 
practice,  we  used  a  threshold  action  level  of  3  mm  in  any  direction 
lasting  >30  seconds  to  interrupt  the  treatment  for  repositioning. 
Thus,  some  daily  treatments  were  split  into  2-3  fractions.  These 
split  fractions  were  considered  independent  fractions  for  this 
analysis  but  only  fractions  with  a  treatment  time  >120  seconds 
of  data  available  were  included.  The  mean  fraction  length  was  7 
minutes  and  23  seconds  (±94.1  seconds),  and  1045  fractions  were 
analyzed  with  a  mean  of  34  fractions  (range  2-41)  per  patient. 

Clinical  alignment  protocol 

Pinnacle  8.0m  treatment  planning  software  (Philips,  Amsterdam, 
the  Netherlands)  was  used  to  identify  the  transponders  and  treat¬ 
ment  isocenter  coordinates.  The  coordinates  of  the  transponders 
were  manually  entered  by  the  therapists  to  the  Calypso  System 
and  checked  by  a  physicist  to  prepare  for  daily  patient  setup  and 
real-time  tracking  during  treatment. 

Before  the  CT  simulation,  patients  were  instructed  to  have 
a  bowel  movement  and  to  drink  20  oz  of  fluid,  30-45  minutes 
before  the  simulation.  Patients  were  advised  to  follow  the  same 
instructions  before  each  daily  treatment  to  attempt  to  maintain  the 
same  anatomic  relationship  between  the  prostate  and  organs  at 


risk.  No  other  interventions,  such  as  enemas  or  rectal  balloons, 
were  used.  Before  each  daily  treatment,  the  patient  was  initially 
aligned  to  skin  marks  and  then  aligned  to  the  target  as  defined  by 
the  Calypso  isocenter.  During  treatment,  the  Calypso  system 
continuously  tracked  the  positions  of  the  prostate.  When  the  center 
of  the  transponders  moved  outside  of  the  predetermined  tolerance 
(3  mm  displacement  in  any  direction  >30  seconds),  the  radiation 
beam  was  paused  to  reposition  the  patient.  The  operation  and 
accuracy  of  the  Calypso  has  been  described  previously  with 
evidence  in  patients  showing  a  mean  (SD)  agreement  between 
Calypso  and  kV  X-ray  localization  within  1.5  mm  (0.9)  and  1.9 
mm  (0.9)  (4,  6-8).  Data  in  phantoms  has  shown  a  mean  (SD) 
agreement  between  X-ray  and  Calypso  of  0.5  mm  (0.1  mm)  (7). 
These  numbers  only  represent  the  difference  between  the  KV 
X-ray  and  Calypso  system  as  the  ground  truth  is  unknown.  Of  the 
1045  fractions  analyzed,  9  fractions  in  8  patients  had  treatment 
interrupted. 

Data  process  and  analysis 

Daily  prostate  localization  and  tracking  data  for  each  patient  was 
stored  on  the  Calypso  workstation  and  was  exported  from  the 
workstation  onto  individual  spread  sheets  within  Microsoft  Excel 
(Microsoft,  Seattle,  WA).  A  Matlab  (Mathworks,  Natick,  MA)  tool 
was  written  to  process  the  data  efficiently. 

The  Calypso  tracking  data  of  each  fraction  contained  a  series 
of  points  composed  of  x,  y,  and  z  coordinates  as  a  function  of 
treatment  time.  The  x,  y,  z  in  centimeters  represents  the  prostate 
displacement  relative  to  the  isocenter  at  time  zero  with  a  sampling 
frequency  of  10  Hz.  The  magnitude  of  the  prostate  displacement  at 
a  given  time  was  calculated  as  the  Euclidean  distance  from  the 
initial  position  as  given  by  Eq.  (1). 

D{t)  =  yjx{tf+y{tf+z{tf  (1) 

D(t)  is  the  magnitude  of  displacement  and  x(t),  y(t),  and  z(t)  are 
the  displacements  in  each  of  3  orthogonal  directions. 

To  simulate  an  ideal  imaging  and  position  correction  of  the 
prostate  back  to  the  isocenter,  the  displacement  of  xi?  yi?  and  Zj  at 
the  time  of  correction,  i,  was  set  to  zero  by  subtracting  xi?  yb  and 
from  the  subsequent  displacements  of  the  fraction.  For  all  frac¬ 
tions,  to  simulate  different  imaging  protocols,  this  correction 
procedure  was  repeated  at  different  intervals  during  each  fraction 
(once  every  10,  15,  20,  30,  45,  60,  90,  120,  180,  and  240  seconds). 
Thus,  for  each  fraction,  the  data  was  analyzed  10  times  with 
a  different  simulated  imaging  frequency  at  each  time. 

To  determine  planning  margins  to  account  for  intrafraction 
prostate  motion,  we  calculated  the  percent  of  time  during  each 
fraction  that  the  prostate  displacement  was  greater  than  the  given 
magnitudes  of  1,  2,  3,  5,  and  10  mm.  In  addition,  a  principal 
component  analysis  (PCA)  was  performed  on  each  of  the  uncor¬ 
rected  fractions  to  characterize  the  3 -dimensional  directions  of 
prostate  motion.  PCA  breaks  down  the  data  into  3  orthonormal 
principal  component  vectors,  with  the  first  in  the  direction  of 
greatest  variance.  The  second  is  orthogonal  to  the  first  and  in  the 
direction  of  greatest  remaining  variance,  and  the  third  is  orthog¬ 
onal  to  the  other  two  and  in  the  direction  of  least  variance.  The 
PCA  provided  the  direction  and  magnitude  of  prostate  motion  as 
described  by  the  variance  of  the  probability  distribution  of  prostate 
position. 
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The  percentage  of  the  total  variance  in  prostate  position 
accounted  for  by  variance  along  each  component  axis  was 
calculated  for  each  fraction.  This  quantifies  the  percent  of  total 
prostate  motion  along  that  direction  and  the  relative  magnitude  of 
motion  in  that  direction.  Also,  the  angle  of  each  component  axis 
from  the  anterior,  superior,  and  right  axes  was  calculated  to 
characterize  the  direction  of  motion  in  anatomical  context.  The 
mean  percent  variance  for  each  of  the  3  principal  components  was 
calculated,  and  histograms  of  the  angles  from  the  anterior,  supe¬ 
rior,  and  right  axes  were  created  for  all  3  components. 

Results 

Figure  1  shows  the  distribution  of  fraction  durations,  with 
a  mean  value  of  7  minutes  21  seconds.  Of  note,  the  fraction 
duration  for  most  fractions  started  from  the  first  beam  on  to  the 
last  beam  off  of  the  entire  daily  treatment,  except  for  9  of  1045 
fractions.  Each  of  these  9  fractions  could  be  a  part  of  daily 
treatment,  having  a  shorter  time  than  a  typical  IMRT  treatment 
time.  Table  1  lists  the  mean  and  standard  deviation  percentage  of 
treatment  time  during  which  the  prostate  was  covered  by  1-,  2-, 
3-,  5-,  and  10-mm  geometric  margins  when  no  positional 
correction  was  simulated.  From  Table  1,  the  prostate  displace¬ 
ment  exceeded  1  mm  for  74%  of  treatment  time.  Without 
intrafraction  intervention,  the  geometric  margin  of  5  mm  is 
needed  to  ensure  complete  geometric  coverage.  From  a  selected 
fraction,  Fig.  2a-d  show  that  more  frequent  repositioning  of  the 
prostate  reduces  the  probability  of  the  prostate  moving  out  of  the 
margins,  defined  in  the  horizontal  axes.  With  intrafraction 
imaging  and  repositioning,  the  amount  of  time  the  displacement 
of  the  prostate  exceeded  1  mm  decreased  from  75%  with  no 
intervention,  to  40%  with  intervention  every  4  minutes,  to  15% 
with  intervention  every  1  minute,  and  to  less  than  5%  with 
intervention  every  10  seconds. 

For  each  fraction,  we  generated  similar  data  as  in  Fig.  2a-d,  at 
imaging  frequencies  of  10,  15,  20,  30,  45,  60,  90,  120,  180,  and 
240  seconds.  For  all  1045  fractions  and  under  each  of  these 
imaging  frequencies,  Table  2  lists  the  mean  percentage  of  treat¬ 
ment  time  for  which  the  adequate  geometric  coverage  is  achieved 
with  margins  of  1,  2,  and  3  mm  along  with  the  standard  deviation 
in  parenthesis.  These  data  show  that  with  ideal  imaging  and 
position  correction  every  4  minutes,  a  3 -mm  margin  will  contain 
the  prostate  for  95%  of  the  treatment  duration.  However,  a  2-mm 


Fig.  1.  Histogram  showing  the  distribution  of  fraction  lengths  in 
the  analyzed  fractions  of  data. 


Table  1  Geometric  coverage  without  intrafraction 

motion 

correction 

Margin 

1  mm 

2  mm 

3  mm 

5  mm 

10  mm 

Mean  geometric 

35.6% 

76.5% 

93.1% 

99.4% 

99.9% 

coverage 
Population  SD 

28.8% 

24.6% 

11.6% 

2.2% 

0.6% 

Mean  percent  of  each  fraction  the  prostate  was  geometrically 
covered  by  1-,  2-,  3-,  5-,  and  10-mm  margins  with  standard  deviation 
for  the  fractions  without  simulated  imaging  correction. 

motion  margin  requires  imaging  every  1  minute  to  ensure  the 
geometric  coverage  for  95%  of  the  treatment  time.  Furthermore, 
reducing  the  prostate  motion  margin  to  1  mm  may  require  imaging 
and  repositioning  every  15  seconds  to  achieve  the  same  geometric 
coverage. 

The  PCA  showed  that  the  direction  of  the  first  component 
accounted  for  81%  of  the  total  motion  as  described  by  the  variance 
in  prostate  position,  whereas  the  third  principal  component 
accounted  for  only  3%.  Thus,  most  of  the  motion  lies  along  the 
direction  of  the  first  principal  component,  and  the  third  principal 
component  has  virtually  no  motion.  The  mean  third  principal 
component  vector  of  all  2045  fractions  lies  at  only  3.9°  from  the 
left-right  axis.  Therefore,  prostate  motion  is  almost  completely 
contained  to  the  sagittal  plane.  The  angles  of  the  first  principal 
components  from  the  anatomic  axes  were  calculated  for  each 
fraction.  Histograms  of  these  angles  can  be  seen  in  Fig.  3a-c  and 
characterize  the  directions  of  the  first  principal  components 
vectors.  From  Fig.  3,  the  direction  with  the  greatest  intrafraction 
prostate  motion  (81%  as  described  by  variance  of  position)  lies  in 
the  anterior- superior  quadrant  of  the  sagittal  plane  with  a  median 
angle  of  54°  from  the  anterior  axis.  Because  each  principal 
component  only  describes  a  direction  and  is  interchangeable  with 
the  180-degree  opposite  of  itself,  the  direction  of  greatest  prostate 
motion  lies  in  the  superior-inferior,  and  slightly  less  along  the 
anterior-posterior  directions  because  of  a  median  angle  of  54° 
from  the  anterior  axis. 

Discussion 

Intrafraction  prostate  motion  has  been  estimated  using  various 
monitoring  methods,  including  real-time  tracking  with  the  elec¬ 
tromagnetic  system  (9),  snap  shooting  of  stereoscopic  X-ray 
images  (3),  or  using  the  combination  of  KV-MV  X-ray  images 
(10).  The  imaging  frequencies  used  with  these  methods  varied 
from  10  Hz-0.01  Hz.  Tanyi  et  al  (11)  showed  that  the  appropriate 
planning  margin  to  account  for  intrafraction  prostate  motion 
significantly  depends  on  the  imaging  frequency.  For  systems  using 
snap  shooting  X-rays,  the  imaging  frequency,  target  position 
accuracy,  extra  X-ray  exposure,  and  effect  on  treatment  duration, 
must  be  carefully  balanced,  and  trade-off  decisions  must  be  made. 
In  the  present  study,  using  real-time,  3 -dimensional  tracking  data 
from  the  Calypso  system,  we  investigated  the  idealized  relation¬ 
ship  of  positioning  frequency  and  geometric  coverage  of  theo¬ 
retical  planning  margins. 

Several  studies  (9,  12)  have  confirmed  that  the  motion  of  the 
prostate  is  random,  sporadic,  and  patient  specific,  which  makes  the 
prediction  of  the  prostate  motion  difficult.  Langen  et  al  used  550 
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Fig.  2.  Percentage  of  time  (y  axis)  during  the  selected  fraction  the  prostate  spent  displaced  farther  than  a  given  distance  (x  axis)  for  no 
repositioning  (a)  and  repositioning  every  4  minutes  (b),  1  minute  (c),  and  10  seconds  (d). 


fractions  of  Calypso  data  from  17  patients  to  characterize  the 
intrafraction  prostate  movement  without  simulating  any  inter¬ 
vention  or  threshold.  Their  analysis  showed  average  prostate 
displacement  greater  than  3  mm,  5  mm,  and  10  mm  of  13.6%, 
3.3%,  and  0.2%  of  the  average  treatment  time  of  about  10 
minutes,  respectively.  As  seen  in  Table  1,  our  data  showed  that  the 
prostate  moved  outside  the  respective  planning  margins  only 
7.1%,  0.7%,  and  0.1%  of  treatment  time.  The  smaller  percentages 
of  prostate  displacements  outside  the  corresponding  planning 
margins  from  our  data  could  be  explained  by  shorter  average 
treatment  duration,  approximately  7  minutes.  Other  clinical 
factors  and  specific  patient  populations  may  affect  the  pattern  of 
intrafraction  prostate  motion. 

In  general,  results  obtained  from  Langen’s  study  (9)  and  our 
study  are  in  agreement,  but  our  study  has  a  different  focus.  We 
aimed  to  determine  the  idealized  relationship  of  3 -dimensional 
positioning  frequency  and  planning  margin  to  assess  practical 
limits  of  margin  reduction  when  this  technology  is  not  available, 
instead  of  characterizing  the  pattern  of  the  intrafraction  prostate 
movements  as  in  Langen’s  study  (9).  Therefore,  we  simulated  an 
ideal  correcting  action  by  resetting  the  prostate  displacement  to 
zero  at  the  rates  of  simulated  imaging  frequencies.  Using  low- 
frequency  monitoring  data  from  Cyberknife  system,  Xie  et  al 
(12)  also  investigated  the  optimal  image  sampling  rate.  They 
found  that  with  a  long  sampling  interval,  it  is  difficult  to  guarantee 
not  missing  transient  shifts  of  the  prostate.  By  analyzing  the 
discrete  427  data  sets  for  21  patients  and  allowing  5%  of  the  data 
set  to  exceed  the  set  motion  limit,  they  found  that  the  prostate 


displacement  >2  mm  existed  in  5%,  8%,  11%,  and  14%  of  the 
data  sets  at  30,  60,  90,  and  120-second  imaging  intervals, 
respectively.  Using  high-frequency  monitoring  data,  our  study 
showed  that  prostate  displacement  >2  mm  occurred  in  2.9%, 
4.9%,  6.9%,  and  8.9%  of  the  data  sets  at  30,  60,  90,  and  120 
seconds,  respectively. 

Our  results  showed  similar  trends  as  observed  by  Xie  et  al 
(12).  Because  we  reset  the  prostate  displacement  to  an  ideal 
position  at  the  sampled  imaging  rate,  the  percentage  of  time  the 


Table  2  Geometric  coverage  with  intrafraction  motion 
correction 


Seconds 

1  -mm  margin 

2- mm  margin 

3 -mm  margin 

10 

96.3% 

(±4.76%) 

98.8% 

(±2.3%) 

99.4% 

(±1.4%) 

15 

94.9% 

(±6.2%) 

98.3% 

(±3.1%) 

99.1% 

(±2.0%) 

20 

93.7% 

(±7.4%) 

97.9% 

(±3.9%) 

98.9% 

(±2.4%) 

30 

91.2% 

(±9.3%) 

97.1% 

(±4.9%) 

98.4% 

(±3.2%) 

45 

87.7% 

(±11.7%) 

96.1% 

(±6.5%) 

97.9% 

(±4.2%) 

60 

84.3% 

(±13.9%) 

95.1% 

(±8.0%) 

97.5% 

(±5.3%) 

90 

77.6% 

(±17.8%) 

93.1% 

(±10.9%) 

96.7% 

(±7.1%) 

120 

71.5% 

(±20.4%) 

91.4% 

(±12.8%) 

96.2% 

(±8.0%) 

180 

62.1% 

(±23.6%) 

88.2% 

(±16.7%) 

95.5% 

(±9.8%) 

240 

54.5% 

(±25.4%) 

85.4% 

(±19.0%) 

95.0% 

(±10.2%) 

Mean  (±SD)  percent  of  each  fraction  the  prostate  was  geometrically 
covered  by  a  given  margin  with  simulated  correction  at  each  imaging 
frequency. 
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Angle  of  First  Principal  Component  from  Right  Axis  (degrees) 


Fig.  3.  Histogram  of  the  angles  of  the  first  principal  components  from  the  (a)  anterior,  (b)  right,  and  (c)  superior  axes. 
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prostate  moved  outside  the  margin  was  smaller  than  the  corre¬ 
sponding  data  from  Xie  et  al.  Because  of  the  idealized  assump¬ 
tions  of  a  perfect  correction  immediately,  our  analysis  estimates 
an  upper  bound  of  the  gain  possible  from  frequent  repositioning. 
In  their  study,  Xie  et  al  (12)  also  showed  that  undersampling  of 
the  motion  trajectory  could  lead  to  different  motion  pattern, 
potentially  missing  many  transient  shifts  of  the  prostate.  The  high 
sampling  rate  of  the  Calypso  system  allows  us  to  examine  motion 
in  high  temporal  resolution,  which  cannot  be  offered  in  other 
prostate  motion  monitoring  systems  because  of  practicality  issues 
of  treatment  time  and  extra  radiation  exposure.  Despite  small 
differences,  the  results  from  this  study  and  the  study  from  Xie 
et  al  show  a  high  degree  of  corroboration,  indicating  that  an 
imaging  frequency  of  30  seconds  does  not  contain  a  significant 
amount  of  transient  deviations  above  the  1-mm  margin. 

The  PCA  shows  that  the  direction  of  motion  is  mostly  along 
the  anterior-superior  to  inferior-posterior  axis,  with  virtually  no 
motion  along  the  right-left  axis.  This  is  consistent  with  the  theory 
that  the  organs  at  risk,  the  bladder  and  rectum,  are  driving  the 
prostate  motion  and  thus  creating  the  direction  of  the  prostate 
motion.  These  data  show  that  intrafractional  margins  could  be 
reduced  along  the  right-left  axis  because  there  is  little  motion  in 
this  direction.  On  the  basis  of  the  PCA,  the  intrafraction  prostate 
motion  is  slightly  more  likely  along  the  superior-inferior  direc¬ 
tion  than  the  anterior-posterior  direction,  and  one  can  assume  the 
an  equal  probability  in  both  axes  and  zero  possibility  in  the 
lateral  directions.  With  this  assumption,  we  can  calculate  the 
component  planning  margins  from  the  vector  margins.  For 
example,  3-mm  vector  planning  margin  equals  to  2. 1-mm 
component  planning  margin  in  both  superior-inferior  and 
anterior-posterior  directions. 

One  limitation  that  should  be  considered  with  this  study  is  that 
simulated  corrections  were  not  actually  performed  during  the 
treatment.  This  frequent  intervention  will,  in  practice,  introduce 
other  uncertainties  and  prolongation  of  treatment  time.  Action 
threshold  strategies  have  been  used  as  a  trade-off  to  allow  intra¬ 
fraction  monitoring,  intervening  only  when  necessary  to  stay 
within  the  prescribed  margin.  The  result  of  the  present  study 
could  provide  guidance,  combined  with  other  uncertainty  esti¬ 
mates,  to  choose  the  action  (eg,  imaging  and  repositioning) 
frequency  when  a  continuous  prostate  motion  surveillance  is  not 
available. 

Another  limitation  of  this  study  is  that  these  data  are  collected 
from  IMRT  studies,  which  may  have  a  shorter  duration  than 
a  typical  SBRT  procedure  using  a  conventional  IMRT  delivery. 
The  protracted  treatment  time  of  SBRT  could  cause  more  frequent 
or  larger  prostate  movement  as  the  treatment  time  increases; 
however,  one  study  of  pre-  and  post-treatment  displacement  of 
prostate  as  a  function  of  treatment  length  ranging  from  2-27 
minutes  did  not  show  any  significant  difference  in  prostate 
displacement  (13).  Furthermore,  using  a  high  dose  rate  (eg,  1000 
MU/min)  and  intensity  modulated  volumetric  arc  delivery,  SBRT 
treatment  time  may  not  be  necessary  longer  than  the  conventional 
IMRT  delivery. 

In  our  study,  we  assumed  the  displacement  of  the  prostate  at 
the  time  of  imaging  was  corrected  perfectly  and  immediately.  In 
clinical  practice,  the  uncertainty  of  these  corrections  will  be 
nonzero  and  will  therefore  increase  the  required  margin  above 
those  estimated  in  this  best-case  analysis.  Because  of  sporadic 
motion  of  the  prostate,  continuous  monitoring  of  the  prostate 
motion  and  intervening  on  a  threshold  will  be  more  accurate  than 
periodic,  less  frequent  imaging.  In  the  absence  of  a  continuous 


surveillance  system,  the  data  in  Table  2  can  offer  guidance  when 
making  trade-off  decisions  between  imaging  frequency  and 
margin  size.  Furthermore,  we  did  not  take  into  account  potential 
prostate  deformation  or  rotation,  which  was  classified  to  be  small 
and  can  be  negligible  (14).  Our  analysis  is  based  on  geometric 
coverage,  not  dosimetric  coverage,  which  could  depend  on 
conformity  of  each  individual  plan. 

Conclusions 

Under  ideal  circumstances,  to  account  for  intrafraction  prostate 
motion,  a  3-mm  vector  planning  margin  is  required  for  an 
imaging  frequency  of  every  4  minutes.  With  1-mm  vector  plan¬ 
ning  margin,  prostate  position  correction  every  15  seconds  is 
required,  which  could  be  impractical  without  a  precise  automated 
real-time  positioning  system.  Considering  the  innate  uncertainty 
in  repositioning  and  protracted  treatment  time  due  to  frequent 
interventions,  2-mm  vector  planning  margin  to  account  for 
intrafraction  prostate  motion  with  an  imaging  frequency  of  every 
2-3  minutes  would  be  a  practical  approach.  Two-millimeter  vector 
planning  margin  is  approximately  1.4  mm  component  margins 
along  the  superior-inferior  and  anterior-posterior  direction  with 
a  zero  component  planning  margin  laterally. 
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Purpose:  Concurrent  irradiation  of  the  prostate  and  pelvic  lymph  nodes  is  technically  challenging 
due  to  treating  one  moving  target  and  one  immobile  target.  The  purposes  of  this  article  are  to 
propose  a  new  management  strategy  and  to  compare  this  strategy  to  the  conventional  isocenter  shift 
method  and  the  previously  proposed  MLC-shifting  method. 

Methods:  To  cope  with  two  target  volumes  (one  moving  and  one  immobile),  the  authors  propose  a 
new  management  strategy  referred  to  as  multiple  adaptive  plans  (MAPs).  This  strategy  involves  the 
creation  of  a  pool  of  plans  for  a  number  of  potential  prostate  locations.  Without  requiring  any 
additional  hardware  or  software,  the  MAP  strategy  is  to  choose  a  plan  from  the  pool  that  most 
closely  matches  the  “prostate  position  of  the  day.”  This  position  can  be  determined  by  dual  image 
registrations:  One  aligned  to  the  implant  markers  in  the  prostate  and  the  other  aligned  to  the  pelvic 
bones.  This  strategy  was  clinically  implemented  for  a  special  patient  with  high  risk  prostate  cancer 
and  pathologically  confirmed  positive  pelvic  lymph  nodes,  requiring  concurrent  IMRT  treatment  of 
the  prostate  and  pelvic  lymph  nodes.  Because  this  patient  had  an  abdominal  kidney,  small  planning 
margins  around  the  both  targets  were  desired.  Using  17  daily  acquired  megavoltage  cone  beam  CTs 
(CBCTs),  three  sets  of  validation  plans  were  calculated  to  retrospectively  evaluate  the  MAP  strategy 
as  well  as  the  isoshifting  and  MLC-shifting  strategies. 

Results:  According  to  the  validation  plans,  MAP,  isoshifting,  and  MLC-shifting  strategies  resulted 
in  D95  of  the  prostate  >95%  of  the  daily  dose  on  65%,  100%,  and  100%  treatment  days,  respec¬ 
tively.  Similarly,  D95  of  the  pelvic  lymph  nodal  was  >95%  of  the  daily  dose  on  100%,  75%,  and 
94%  of  treatment  days,  respectively. 

Conclusions:  None  of  the  above  strategies  simultaneously  achieved  all  treatment  goals.  Among  the 
three  strategies,  the  MLC  shifting  was  most  successful.  Validation  plans  based  on  daily  CBCTs  are 
useful  to  evaluate  the  effectiveness  of  the  motion  management  strategies  and  to  provide  additional 
dose  guidance  if  further  dose  compensation  is  needed.  ©  2010  American  Association  of  Physicists 
in  Medicine.  [DOI:  10.1118/1.3480505] 

Key  words:  movement  management,  adaptive  strategy,  prostate  cancer,  intensity-modulated 
radiotherapy,  and  image-guided  radiotherapy 


I.  INTRODUCTION 

Although  the  prophylactic  irradiation  of  lymph  nodes  is  a 
routine  practice  for  many  cancer  sites,  the  role  of  pelvic 
lymph  node  irradiation  in  the  treatment  of  localized  prostate 
cancer  is  controversial.  Since  the  initial  reports  in  the 
1980s,1’2  the  typical  four-field  treatment  technique  for  pelvic 
irradiation  has  largely  remained  unchanged.  With  this  con¬ 
ventional  technique,  the  benefits  and  risks  of  pelvic  irradia¬ 
tion  have  been  debated  for  more  than  two  decades. 1,3-5  Using 
a  novel  magnetic  resonance  lymphangiographic  technique, 
Shih  et  al .6  showed  that  the  conventional  field  borders,  de¬ 
fined  according  to  the  bony  anatomy,  do  not  adequately  in¬ 
clude  the  pelvic  lymph  nodal  regions,  resulting  in  poor  ra¬ 
diation  dose  coverage.7  Despite  this  inadequate  dose 


coverage,  investigators  from  the  Radiation  Therapy  Oncol¬ 
ogy  Group  (RTOG)  still  demonstrated  progression  free  sur¬ 
vival  benefit  with  prophylactic  pelvic  nodal  lymph 
irradiation.8 

For  the  prostate  only  treatment,9,10  intensity-modulated 
radiotherapy  (IMRT)  has  shown  significant  clinical  advan¬ 
tages  over  conventional  and  three-dimensional  conformal  ra¬ 
diotherapy.  There  is  also  a  growing  body  of  data7,11  suggest¬ 
ing  that  IMRT  provides  even  greater  advantages  when  pelvic 
nodes  are  being  irradiated.  For  the  concurrent  treatment  of 
the  prostate  and  pelvic  lymph  nodes,  one7  of  our  previous 
studies  reported  that  IMRT  plans  not  only  significantly  im¬ 
proved  the  dose  coverage  to  the  pelvic  lymph  nodes  but  also 
greatly  reduced  the  doses  to  the  rectum,  bladder,  and  the 
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small  bowel.  However,  this  concurrent  treatment  of  the  pros¬ 
tate  and  the  pelvic  lymph  nodes  poses  the  new  technical 
challenge  of  simultaneously  treating  a  moving  organ  and  an 
immobile  tumor  volume. 

Several  previous  studies  suggest  that  movement  of  the 
prostate  may  vary  from  a  few  millimeters  up  to  1.5  cm  rela¬ 
tive  to  the  pelvic  bones.12-14  In  contrast,  the  pelvic  lymph 
nodes  are  relatively  fixed  in  close  proximity  to  vascular 
structures,6  which  are  presumably  fixed  with  respect  to  the 
pelvic  bony  anatomy.15  This  independent  movement  of  two 
targeted  volumes  may  require  a  large  planning  margin  on  one 
of  the  targets,  depending  on  how  the  daily  images  are 
aligned.  If  the  daily  images  are  aligned  to  the  pelvic  bones,  a 
large  planning  margin  around  the  prostate  would  be  needed. 
If  the  daily  images  are  aligned  to  the  prostate,  a  large  plan¬ 
ning  margin  would  be  needed  for  the  pelvic  lymph  nodes. 
Both  alignment  methods  would  result  in  the  inclusion  of  nor¬ 
mal  structures  in  the  high  dose  area  of  the  radiation  fields, 
increasing  the  risk  of  normal  tissue  complications.  Depend¬ 
ing  on  the  risk  and  benefit  trade-off  for  a  specific  patient  at 
the  discretion  of  the  treating  physician,  either  alignment 
method  could  be  clinically  reasonable.  The  challenge  is  to 
satisfy  the  demand  of  achieving  dose  coverage  while  using  a 
small  planning  margin  for  both  targets. 

The  ideal  approach  to  resolve  this  challenge  is  real  time 
replanning  on  a  daily  basis,  but  because  of  extended  plan¬ 
ning  time,  real  time  replanning  is  not  currently  practical. 
Without  requiring  real  time  dose  recalculation,  we  have  pro¬ 
posed  a  MLC  leaf- shifting  algorithm  to  provide  an  alterna¬ 
tive  solution.16  The  clinical  implementation  of  this  MLC- 
shifting  approach  requires  a  new  feature  in  the  record  and 
verify  system,  which  would  allow  users  to  adjust  the  MLC 
leaf  positions  at  the  treatment  console  in  near  real  time.  To 
circumvent  this  obstacle,  in  this  paper,  we  proposed  another 
strategy  of  creating  a  pool  of  IMRT  plans  to  accommodate 
multiple  presumed  prostate  positions.  This  strategy  is  re¬ 
ferred  to  as  multiple  adaptive  plan  (MAP)  IMRT.  This  strat¬ 
egy  was  implemented  clinically  for  a  special  patient,  for 
whom  small  planning  margins  around  the  prostate  and  the 
pelvic  lymph  nodes  were  demanded.  Using  the  daily  volu¬ 
metric  imaging  acquired  for  the  patient,  we  retrospectively 
evaluated  and  compared  three  strategies  in  the  management 
of  independent  movement  of  the  prostate  and  pelvic  lymph 
nodes  including  MAP,  isoshifting,  and  MLC-shifting  strate¬ 
gies.  In  this  paper,  the  isoshifting  strategy  consists  of  shifting 
the  treatment  isocenter  based  on  the  prostate  movement  rela¬ 
tive  to  the  pelvic  bones.  Because  the  pattern  of  prostate  mo¬ 
tion  varies  from  patient  to  patient,  the  result  of  this  compari¬ 
son  may  not  be  directly  generalized  to  other  patients.  The 
purpose  of  this  paper  is  to  explore  the  feasibility  and  limita¬ 
tions  of  each  strategy. 

II.  MATERIALS  AND  METHODS 
II.A.  Multiple  adaptive  plan  strategy 

With  the  MAP  strategy,  a  pool  of  IMRT  plans  was  created 
based  on  a  planning  CT  and  each  plan  was  individually  op¬ 
timized  to  accommodate  a  presumed  prostate  position.  Be- 
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cause  the  number  of  possible  prostate  positions  for  each  pa¬ 
tient  could  be  very  large,  for  a  special  case  (described 
below),  we  created  a  pool  of  five  plans  to  compensate  for 
prostate  movements  of  0.5  and  1.0  cm  in  the  posterior  and 
superior  directions.  To  keep  the  number  of  plans  in  the  pool 
and  the  workload  reasonable,  the  prostate  movement  in  the 
inferior  and  anterior  directions  was  compensated  by  adding  a 
0.6  cm  margin.  It  was  assumed  that  lateral  motion  of  the 
prostate  is  negligible12-14  and  the  enlarged  inferior  and  ante- 
rior  margins  had  a  minimum  impact  on  rectal  sparing.  An 
additional  0.2  cm  planning  margin  in  the  posterior,  superior, 
and  lateral  directions  for  the  prostate  accounted  for  uncer¬ 
tainties  such  as  image  registration  uncertainty.  The  planning 
margin  for  the  pelvic  lymph  nodes  was  0.5  cm. 

During  treatment  planning,  five  shifted  prostate  contours 
in  the  superior  and  posterior  directions  were  created  using  an 
in-house  program  that  read  in  the  coordinates  of  the  original 
prostate  contours  and  shifted  the  coordinates  of  the  contour 
to  the  presumed  positions.  These  shifted  prostate  contours 
were  input  back  into  the  treatment  planning  system  (Pin¬ 
nacle,  version  7.6,  Philips  Medical  Systems,  Andover,  MA) 
and  appended  in  the  set  of  planning  contours  for  the  patient. 
The  initial  IMRT  plan  for  the  patient  was  created  based  on 
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our  established  planning  protocol  published  elsewhere.  ’ 
Briefly,  most  patients  were  first  treated  with  54  Gy  (2  Gy/ 
fraction)  to  the  prostate  and  seminal  vesicles,  with  concur¬ 
rent  pelvic  lymph  node  dose  of  48.6  Gy  (1.8  Gy/fraction). 
The  prostate  and  seminal  vesicles  then  received  an  additional 
cone-down  dose  of  18  Gy  (2  Gy/fraction),  bringing  the  total 
dose  to  72  Gy.  All  of  these  doses  were  prescribed  to  cover 
95%  of  the  planning  tumor  volume  (PTV).  18  MV  photons 
were  used  throughout  the  treatment.  All  IMRT  plans  were 
delivered  with  a  step  and  shoot  method  using  Siemens  Linear 
Accelerators  (Oncor,  Siemens  Medical  Solution,  Concord, 
CA).  The  first  portion  of  the  treatment  used  45  segments  and 
seven  beam  angles  (0°,  35°,  90°,  160°,  200°,  270°,  and  315° 
in  IEC  convention).  The  second  cone-down  portion  of  the 
treatment  used  25  segments  and  seven  slightly  different 
beam  angles  (0°,  55°,  90°,  135°,  225°,  270°,  and  305°  in  IEC 
convention).  A  planning  dose  constraint  template  has  been 
published  elsewhere.18 

For  the  MAP  strategy,  all  plans  were  created  with  shifted 
prostate  contours  except  for  the  initial  plan,  which  was  based 
on  the  anatomy  of  the  planning  CT.  Since  the  rectum  and 
bladder  were  not  shifted  with  the  prostate,  the  anatomic  re¬ 
lationship  of  these  two  organs  with  the  shifted  prostate  was 
invalidated,  rendering  the  initial  planning  dose  constraints  to 
the  rectum  and  bladder  irrelevant.  To  circumvent  this  prob¬ 
lem,  we  constructed  an  artificial  rind  structure19  around  the 
shifted  prostate  to  guide  the  planning  system  to  produce 
highly  conformal  plans,  thus  effectively  protecting  the  rec¬ 
tum  and  bladder.  Figure  1  shows  isodose  distributions  for 
five  prostate  positions,  demonstrating  that  similarly  confor¬ 
mal  dose  distributions  can  be  achieved  with  this  planning 
tactic. 
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Fig.  1.  Dose  distributions  of  five  MAP-IMRT  plans  displayed  axial  images, 
demonstrating  similar  conformal  distributions  in  shifted  plans  can  be 
achieved  as  the  unshifted  plan  when  using  a  rind  structure. 

II. B.  Isoshifting  strategy 

For  prostate  only  treatment,  shifting  the  treatment  iso¬ 
center  based  on  implanted  markers  inside  the  prostate  is  an 
effective  strategy,  which  has  been  routinely  used  clinically.  It 
should  be  noted  that  the  isocenter  shifts  determined  with  this 
procedure  often  include  two  components:  Prostate  motion 
relative  to  the  bony  structure  and  patient  setup  error.  For 
prostate  only  treatment,  it  was  not  necessary  to  separate  the 
prostate  motion  from  the  patient  setup  error.  As  mentioned  in 
Sec.  I,  this  strategy  may  not  be  effective  for  concurrent  treat¬ 
ment  of  the  prostate  (a  moving  target)  and  pelvic  lymph 
nodes  (an  immobile  target).  Nevertheless,  for  a  fair  compari¬ 
son  among  the  three  different  strategies,  the  isoshifting  strat¬ 
egy  in  this  paper  only  corrected  for  the  prostate  motion,  not 
including  the  setup  error. 

II. C.  MLC-shifting  strategy 

The  MLC-shifting  strategy  is  based  on  our  previously 
proposed  leaf-shifting  algorithm,16  which  can  follow  the 
movement  of  the  prostate  while  not  significantly  affecting 
dose  distributions  to  the  pelvic  lymph  nodes.  Briefly,  based 
on  the  magnitude  and  direction  of  the  daily  prostate  move¬ 
ment,  the  algorithm  was  designed  to  adjust  the  positions  of 
selected  MLC  leaf  pairs  to  follow  the  translational  motion  of 
the  prostate  for  each  beam.  The  algorithm  assumes  that  the 
prostate  is  a  rigid  body  and  the  rotational  motion  is  negli¬ 
gible.  After  shifting,  the  distance  between  the  leaves  in  each 
shifted  MLC  pairs  is  kept  the  same  as  in  the  original  plan.  In 
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other  words,  the  portion  of  each  MLC  aperture  that  encom¬ 
passes  the  prostate  is  translated  to  match  the  prostate  position 
as  determined  by  daily  imaging,  while  the  MLC  leaves  that 
expose  radiation  to  the  lymph  nodes  are  not  moved.  Because 
the  field  size  in  unchanged  and  the  changes  in  the  off-axis 
factors  contribute  only  a  negligible  change  to  the  dose 
distribution,16  a  real  time  dose  calculation  is  not  required  for 
this  strategy.  Currently,  this  strategy  is  not  clinically  feasible 
as  it  requires  a  new  feature  in  the  record  and  verify  system  to 
permit  efficient  adjustment  of  MLC  leaf  positions  at  the 
treatment  console.  Furthermore,  logistic  issues  such  as  the 
pretreatment  quality  assurance  have  not  been  explored. 

II. D.  A  special  clinical  case 

A  patient  with  high  risk  prostate  cancer  known  to  have 
nodal  metastasis  adjacent  to  a  “horse-shoe”  abdominal  kid¬ 
ney  was  treated  with  the  MAP  strategy.  The  kidney  was  the 
major  dose  limiting  organ  for  this  patient.  The  kidney  vol¬ 
ume  receiving  more  than  20  Gy  (V20)  was  desired  to  be  less 
than  15%.  For  this  special  case,  an  initial  plan  was  designed 
to  concurrently  treat  the  prostate  to  50  Gy  and  pelvic  nodes 
to  45  Gy  in  25  fractions,  followed  by  a  boost  dose  of  22  Gy 
to  the  prostate.  For  this  patient,  due  to  the  special  anatomy  of 
abdominal  kidney,  the  image  guidance  was  initially  altered  to 
align  to  the  pelvic  bone  to  ensure  the  protection  of  the  ab¬ 
dominal  kidney  while  the  planning  margin  to  the  prostate 
was  enlarged  to  1.0  cm  (0.8  cm  posteriorly).  After  eight 
treatments,  the  patient  complained  of  rectal  irritation;  there¬ 
fore,  the  subsequent  treatment  (17  fractions)  was  changed  to 
MAP  IMRT. 

II. E.  Dual  image  registration 

To  determine  the  prostate  motion  relative  to  the  pelvic 
bone,  two  image  registrations  are  needed  using  a  single 
megavoltage  cone  beam  CT  (MV-CBCT)  acquired  prior  to 
each  treatment.  The  MV-CBCT  was  acquired  with  a  total  of 
2  MU  over  210°  arc  length  using  a  commercial  system 
(MVision™,  Siemens  Medical  Solutions,  Concord,  CA).  Af¬ 
ter  MV-CBCT  acquisition,  two  successive  image  registration 
procedures,  one  aligned  to  the  pelvic  bones  and  the  other 
aligned  to  the  implanted  markers,  were  performed.  The 
couch  shifts  from  the  bony  alignment  represent  the  setup 
error  and  were  subsequently  corrected  by  shifting  the  treat¬ 
ment  couch.  The  prostate  displacement  relative  to  the  pelvic 
bones  was  determined  by  the  difference  between  the  shifts  of 
the  two  alignments.  Based  on  the  prostate  position  of  the  day, 
the  IMRT  plan  in  which  the  planned  prostate  position  was 
best  matched  with  the  actual  prostate  position  was  chosen 


Table  I.  MAP-IMRT  plans  and  its  clinical  usage  for  17  treatment  days. 


Plan  type 

Normal  plan 

Small  posterior 
shifts 

Large  posterior 
shifts 

Small  superior 
shifts 

Large  superior 
shifts 

Shifts 

<0.3  cm  a 

0.4-0.7  cm 

0.8-1. 3  cm 

0.4-0.7  cm 

0.8-1. 3  cm 

Usage 

6 

1 

0 

7 

3 

aShifts  <0.3  cm  in  all  directions  or  shifts  dominantly  in  inferior  or  anterior  directions. 
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according  the  criteria  shown  in  Table  I.  If  the  prostate  moved 
in  two  different  directions,  the  direction  with  the  larger  shift 
was  compensated.  If  the  shifts  in  superior  and  posterior  di¬ 
rections  were  the  same,  the  superior  shift  was  compensated. 

II. F.  Relative  treatment  dose  comparison  and 
analysis 

With  daily  MV-CBCT,  we  calculated  the  delivered  dose  to 
the  patient  anatomy  of  the  day.  While  we  are  under  develop¬ 
ment  to  calibrate  the  CT  density  and  to  correct  for  the  cup¬ 
ping  effect  of  the  MV-CBCT,  we  assigned  a  CT  density  of 
1  g/cm3  to  all  tissue.  We  also  used  the  external  contour  of 
the  planning  CT  to  supplement  the  missing  tissue  (assigned 
to  a  CT  density  of  1  g/cm3)  due  to  the  limited  field  of  view 
with  the  current  MV-CBCT  acquisition  system.  With  these 
approximations,  the  dose  distributions  calculated  on  MV- 
CBCTs  were  used  for  relative  dose  comparison  with  intended 
plans  for  this  study. 

Because  of  limited  soft  tissue  contrast  of  low  dose  (2 
MU/scan)  MV-CBCT,  directly  contouring  all  organs  of  inter¬ 
est  is  challenging.  For  this  study,  we  focused  on  the  valida¬ 
tion  of  the  dose  coverage  of  the  two  tumor  targets  and  the 
dose  to  the  kidney.  Because  of  daily  organ  deformation,  in 
addition  to  limited  soft  tissue  contrast  in  MV-CBCT,  the  rec¬ 
tum  and  bladder  were  not  included  in  the  validation  plans. 

After  rigid  image  registration  of  the  pelvic  bones,  we 
transferred  contours  of  the  pelvic  lymph  nodes  and  the  kid¬ 
ney  from  the  planning  CT  to  each  daily  MV-CBCT.  Each 
MV-CBCT  was  input  into  the  Pinnacle  planning  system  as 
the  primary  image  set  and  an  in-house  program  was  written 
to  allow  the  selected  contoured  planning  structures  to  be  in¬ 
put  with  the  planning  CT  (as  the  secondary  image)  into  the 
Pinnacle  system.  Assuming  a  stationary  relationship  between 
the  pelvic  lymph  nodes  and  the  pelvic  bones,  the  pelvic 
lymph  nodal  volume  and  the  kidney  were  transferred  from 
the  planning  CT  to  the  MV-CBCT  after  a  rigid  body  image 
fusion  by  aligning  the  pelvic  bony  structures.  It  should  be 
noted  that  the  breathing  motion  associated  with  the  kidney  is 
ignored  in  this  study.  The  great  challenge  was  to  transfer  the 
prostate  contour.  Once  again,  one  could  register  the  im¬ 
planted  markers  between  the  daily  MV-CBCT  and  planning 
CT  to  transfer  the  contour  of  the  prostate.  The  image  regis¬ 
tration  tool  provided  by  the  Pinnacle  system  automatically 
utilized  translation  and  rotation  transformation,  but  during 
the  treatment  only  translational  shifts  were  available.  To 
fairly  represent  the  treatment  position  of  the  prostate,  the 
prostate  contour  from  the  planning  CT  was  shifted  according 
to  the  daily  detected  motion  using  an  in-house  program.  The 
shifted  contour,  which  represented  the  “prostate  position  of 
the  day,”  was  subsequently  input  into  the  corresponding  MV- 
CBCT. 

Three  sets  of  validation  plans  were  generated  and  com¬ 
pared.  The  first  set  of  validation  plans  was  created  according 
to  the  MAP  strategy;  the  second  set  was  based  on  the  isos- 
hifting  strategy;  and  the  third  set  utilized  the  MLC-shifting 
method.  For  each  MAP  validation  plan,  the  delivered  plan  of 
the  day  was  directly  applied  to  the  corresponding  MV-CBCT 


of  the  day.  For  each  isoshift  plan,  the  treatment  isocenter  was 
shifted  according  to  the  detected  prostate  displacement  of  the 
day  and  the  MFC  segments  from  the  original  plan  were 
again  applied  to  the  MV-CBCT  of  the  day  with  the  shifted 
isocenter.  In  each  MFC-shift  plan,  the  affected  MFC  pairs  in 
all  segments  from  the  original  IMRT  plan  (the  plan  for  un¬ 
shifted  prostate  position)  were  shifted  to  track  the  prostate 
position  of  the  day.  The  resultant  dose  distribution  of  each 
MFC-shift  plan  was  calculated  on  the  corresponding  MV- 
CBCT  of  the  day. 

III.  RESULTS 

III.A.  MAP-IMRT  plans 

A  set  of  five  individually  optimized  IMRT  plans,  referred 
to  as  MAP  plans,  was  prepared  and  approved  for  the  treat¬ 
ment  of  this  patient.  Table  I  lists  the  clinical  usage  of  each 
plan  over  17  treatment  days.  Figures  2(a)  and  2(b)  show  the 
resultant  dose  volume  histograms  (DVHs)  of  the  PTV,  pelvic 
lymph  nodes,  small  bowel,  and  kidney.  The  DVHs  of  the 
MAP  plans  were  slightly  different  from  each  other  because 
the  optimal  solution  found  by  the  computer  optimizer  was 
slightly  different  for  each  scenario. 

III.B.  Image  guidance 

Based  on  the  17  MV-CBCT  acquired  for  this  patient,  the 
prostate  moved  0.4-0. 7  cm  in  the  superior  direction  in  38% 
of  treatment  days,  >0.8  cm  superiorly  in  19%,  0.4-0.7  cm 
posteriorly  in  12%,  and  <0.3  cm  in  all  directions  in  31%. 
Seven  of  17  days  had  a  setup  error  >0.5  cm  in  any  direc¬ 
tion,  while  the  remaining  days  had  a  setup  error  <0.5  cm  in 
any  direction.  Setup  errors  >0.1  cm  in  any  direction  were 
corrected.  Figure  3  shows  the  detected  daily  setup  errors  and 
the  prostate  movements  along  the  three  major  axes.  For  this 
specific  patient,  the  prostate  movement  was  not  random, 
shifting  in  the  superior  direction  in  more  than  50%  of  the 
treatment  days. 

III.C.  Dose  validation  with  MV-CBCT 

Figure  4(a)  shows  the  details  of  the  dose  to  95%  of  the 
prostate  (D95)  calculated  based  on  daily  MV-CBCT.  The 
D95’s  of  the  MAP  strategy  were  the  delivered  daily  dose 
calculated  based  on  the  chosen  plan  of  the  day,  compared  to 
the  D95  of  the  isoshifting  and  MLC-shifting  methods.  Since 
the  MAP  method  only  accounted  for  prostate  movement  in 
one  direction,  D95>95%  of  the  prescription  dose  was  only 
achieved  on  11  of  17  days  (65%).  As  expected,  the  isoshift¬ 
ing  method  followed  the  prostate  movement  and  achieved 
D95  >  95%  of  the  prescription  dose  for  all  17  treatment  days. 
Similarly,  the  MLC-shifting  method  also  achieved  D95 
>95%  of  the  prescription  dose  in  each  of  the  17  days.  As 
noticed  in  Fig.  4(a),  on  the  15th  treatment  day,  the  detected 
prostate  movements  were  1.2  cm  superior  and  1.2  cm  poste¬ 
rior,  but  only  the  superior  shift  was  compensated  by  choos¬ 
ing  the  large  superiorly  shifted  MAP-IMRT  plan  for  the 
treatment.  A  similar  situation  occurred  on  the  fifth  treatment 
day. 
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Fig.  2.  (a)  The  dose  volume  histograms  for  the  PTV 
and  pelvic  lymph  nodes,  (b)  The  DVHs  for  the  small 
bowel  and  kidney. 
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Fig.  3.  The  detected  daily  setup  errors  and  the  prostate  movements  along 
the  three  major  axes  for  the  17  treatment  days. 


Figure  4(b)  shows  the  dose  to  95%  of  the  pelvic  lymph 
nodes  (£>95).  The  MAP-IMRT  method  achieved  £>95 
>95%  of  the  prescription  dose  for  all  17  days.  The  isoshift- 
ing  method  would  have  delivered  £>95  >95%  of  the  pre¬ 
scription  dose  in  13  of  17  days  (76%  of  the  treatment  time), 
compared  to  16  days  (94%  of  the  treatment  time)  in  MLC- 
shifting  method. 

For  the  kidney,  we  used  the  end  point  of  V20,  the  percent¬ 
age  volume  receiving  more  than  20  Gy,  to  evaluate  the  three 
different  strategies.  With  the  MAP  strategy,  V20  of  the  kid¬ 
ney  was  <15%  for  13  of  17  days,  as  shown  in  Fig.  4(c). 
With  the  isoshifting  method,  V20  of  the  kidney  was  <15% 
for  only  2  of  17  days,  compared  to  14  of  17  days  with  MLC- 
shifting  method.  These  results  demonstrate  that  the  MAP  and 
MLC-shifting  methods  achieve  better  protection  of  the  kid¬ 
ney  than  the  isoshifting  method. 

IV.  DISCUSSION 

The  current  study  describes  our  clinical  experience  in  ap¬ 
plying  a  new  concept  of  multiple  IMRT  plans  to  accommo¬ 
date  independent  movement  of  the  prostate  and  pelvic  lymph 
nodes  under  daily  MV-CBCT  image  guidance.  Although 
clinical  implementation  of  this  adaptive  strategy  at  the  cur¬ 
rent  stage  is  still  laborious  and  imperfect,  this  study  provides 
a  “proof  of  principle,”  describing  a  feasible  planning,  deliv- 
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Fig.  4.  (a)  The  dose  to  95%  of  the  prostate  (£>95)  cal¬ 
culated  based  on  daily  MV-CBCT  for  the  isoshifting, 
MAP-IMRT,  and  MLC-shifting  strategies,  (b)  The  dose 
to  95%  of  the  pelvic  lymph  nodes  (£>95)  calculated 
based  on  daily  MV-CBCT  for  the  three  strategies,  (c) 
The  percentage  volume  receiving  more  than  20  Gy  for 
the  corresponding  strategies. 


ery,  and  verification  process.  For  this  particular  patient,  our 
primary  goal  of  adequately  treating  the  pelvic  lymph  nodes 
and  prostate  while  protecting  the  kidney  in  the  first  phase  of 
treatment  was  achieved.  Because  of  the  limited  number  of 
MAP  IMRT  plans  in  the  pool  for  this  early  clinical  imple¬ 
mentation,  only  translational  movement  of  the  prostate  in 
one  direction  was  compensated.  As  shown  in  Fig.  4(a),  this 
compensation  was  not  sufficient  when  the  prostate  move¬ 
ment  of  the  day  was  large  in  the  superior  and  posterior  di¬ 
rections,  resulting  in  underdose  of  the  prostate  on  these 
dates.  Fortunately,  the  offline  validation  plans  based  on  daily 
cone  beam  CT  provided  dose  guidance  for  subsequent  pros¬ 
tate  boost  treatments.  This  concept  could  be  potentially  ex¬ 
tended  to  other  pelvic,  abdominal,  and  thoracic  malignancies 
as  well. 

With  advances  in  imaging  technology  and  computer  opti¬ 
mized  treatment  planning,  we  anticipated  that  it  will  be  pos¬ 
sible  to  acquire  daily  CT  images  and  to  develop  an  ideal 
strategy  for  real  time  replanning  on  a  daily  basis.  Some  re¬ 
searchers  are  already  working  to  develop  deformable  image 
registration  to  improve  the  efficiency  of  structure 


20—22 

delineation,  while  others  have  sought  to  develop  fast 
dose  calculation  engines  and  fast  computer  optimization 
algorithms.23-25  For  prostate  only  treatment,  our  clinical  ex¬ 
perience  and  other  published  studies26,27  support  that  the  iso¬ 
center  shifting  strategy  is  practical  and  effective.  However, 
for  concurrent  treatment  of  the  prostate  and  pelvic  lymph 
nodes,  this  strategy  may  require  a  large  planning  margin  for 
the  pelvic  lymph  nodes,  which  may  not  be  optimal  if  a  small 
planning  margin  is  desired,  although  a  simulation  study15 
showed  that  the  problem  of  independent  movement  of  the 
prostate  and  pelvic  lymph  nodes  was  negligible.  It  should  be 
noted  that  this  study  was  based  on  an  assumption  of  a  ran¬ 
dom  movement  of  the  prostate  from  the  position  at  the  plan¬ 
ning  CT  and  the  validity  of  this  assumption  may  need  to  be 
further  investigated.  Other  studies  have  demonstrated 
that  prostate  movement  may  not  necessarily  be  random  but 
depend  on  the  shapes  of  the  rectum  and  bladder  during  ac¬ 
quisition  of  the  planning  CT.  The  data  from  this  study  also 
show  that  the  prostate  position  does  not  randomly  displace 
from  the  position  at  CT  simulation. 

The  MAP  and  MLC-shifting  strategies  investigated  in  this 
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study  were  not  perfect  and  further  improvement  is  necessary. 
Due  to  time  and  resource  limitations,  the  MAP  strategy  can 
only  anticipate  a  few  presumed  prostate  positions.  The  plan¬ 
ning  process  for  five  plans  took  about  1  day  to  complete. 
Quality  assurance  of  these  five  plans  took  an  additional  4  h 
to  complete.  In  addition,  a  simple  spread  sheet  (excel  and 
MICROSOFT  office)  was  prepared  to  calculate  the  prostate 
movement  relative  to  the  pelvic  bones.  During  each  treat¬ 
ment,  a  physicist  was  present  to  help  therapists  to  choose  a 
proper  plan.  To  create  a  relatively  large  number  of  MAP- 
IMRT  plans  without  significantly  increasing  planning  time, 
one  could  apply  the  MLC-shifting  algorithm  to  create  MAP 
plans  for  prostate  motions  in  multiple  directions  provided 
that  a  fine  MLC  leaf  width  is  available. 

The  clinical  implementation  of  the  MLC-shifting  method 
requires  a  new  feature  in  the  record  and  verify  system,  which 
will  allow  users  to  adjust  the  MLC  leaf  positions  at  the  treat¬ 
ment  console  in  the  near  real  time.  As  indicated  in  our  study, 
this  method  can  be  considered  as  a  simplified  real  time  plan¬ 
ning,  without  requiring  contouring  of  each  planning  struc¬ 
tures  and  fast  dose  calculation  engines.  With  a  finite  MLC 
leaf  width,  the  MLC-shifting  strategy  will  have  a  limited 
resolution  in  the  superior  and  inferior  directions.  Although  a 
finer  leaf  width  of  0.5  cm  (rather  than  1.0  cm  used  for  this 
study)  is  commonly  available,  the  impact  of  this  limitation 
requires  further  investigations.  Furthermore,  other  logistic  is¬ 
sues,  such  as  the  pretreatment  quality  assurance  process,  de¬ 
cision  of  who  should  be  responsible  for  shifting  MLC  leaf 
positions,  etc.,  require  further  exploration. 

One  may  consider  other  strategies  to  cope  with  the  chal¬ 
lenge  of  treating  one  moving  target  and  one  immobile  target. 
One  proposal  is  to  prepare  two  plans:  One  for  the  pelvic 
lymph  nodal  volume  and  another  for  the  prostate.  If  deliver¬ 
ing  the  plans  concurrently,  overlap  of  the  two  plans  when  the 
prostate  moved  superiorly  must  be  calculated  on  a  day-to- 
day  basis.15  Similar  to  real  time  replanning,  this  requirement 
is  not  clinically  feasible.  If  delivering  these  two  plans  se¬ 
quentially,  the  treatment  course  can  be  significantly  pro¬ 
longed  and  the  problem  of  overdose  in  the  overlap  region 
may  still  exist,  albeit  with  a  lower  daily  dose  compared  to 
concurrent  delivery. 

There  are  some  limitations  in  this  study.  First,  only  an 
atypical  patient  was  analyzed,  although  this  special  clinical 
scenario  inspired  us  to  conduct  this  research.  Except  for  the 
abdominal  kidney  that  imposed  a  small  planning  margin  on 
the  pelvic  lymph  nodal  volume,  the  prostate  and  pelvic 
lymph  nodal  volumes  of  the  patient  are  similar  to  the  vol¬ 
umes  of  a  typical  patient.  For  a  typical  patient,  one  may 
consider  the  use  of  a  larger  margin  either  around  the  prostate 
or  around  the  lymph  nodes,  or  large  margins  on  both  targets. 
Larger  planning  margins,  in  general,  are  a  suboptimal  strat¬ 
egy,  irradiating  more  normal  tissue  as  a  part  of  the  targeting 
volume  and  resulting  in  increased  normal  tissue  complica¬ 
tions.  The  methodology  of  this  study  can  be  applied  to  other 
typical  patients,  but  since  the  prostate  motion  is  patient  de¬ 
pendent,  a  study  with  more  patients’  data  may  not  reach  a 


different  conclusion  than  the  current  study.  For  the  same  rea¬ 
son,  the  result  of  this  study  cannot  be  directly  generalized  to 
other  patients. 

Second,  the  MAP  strategy  only  considers  a  few  scenarios 
of  possible  prostate  positions,  not  the  actual  prostate  posi¬ 
tions.  By  increasing  the  number  of  MAP  plans  in  the  pool, 
one  can  decrease  the  error  associated  with  this  strategy,  but 
at  the  cost  of  significantly  increased  planning  time,  quality 
assurance,  and  decision  making  process  during  treatment. 
Third,  due  to  the  limitation  of  MV-CBCT,  the  validation 
plans  could  not  include  other  organs  of  interest,  such  as  the 
rectum  and  bladder.  The  validation  plans  can  be  applied  to 
kilovoltage-CBCT,  which  may  overcome  the  limitation  of 
soft  tissue  contrast  in  MV-CBCT.  In  addition,  the  daily  pros¬ 
tate  contour  was  based  on  the  implanted  markers  as  a  surro¬ 
gate  and  rigidly  transferred  to  the  corresponding  MV-CBCT, 
ignoring  prostate  rotation  and  deformation.  Furthermore,  the 
dose  calculation  in  validation  plans  to  verify  the  relative  dose 
changes  assumed  a  uniform  tissue  density.  With  a  calibrated 
CT  density  table,  it  is  possible  to  perform  comparisons  based 
on  the  absolute  dose  changes.  However,  because  of  the  lim¬ 
ited  field  of  view  (27  cm  radius  in  an  axial  view)  with  our 
current  MV-CBCT  (Siemens  Medical  Solution),  supplemen¬ 
tal  information  from  the  planning  CT  for  tissue  outside  the 
field  of  view32  would  still  be  required,  which  may  complicate 
the  dose  calculation  process.33  Our  future  study  will  consider 
the  use  of  KV-CBCTs,  with  which,  we  can  further  analyze 
the  daily  dose  to  the  prostate  based  on  the  direct  soft  tissue 
contouring  as  well  as  the  daily  doses  to  the  rectum  and 
bladder.34 


V.  CONCLUSIONS 

Although  real  time  replanning  may  be  the  ideal  strategy  to 
accommodate  independent  movement  of  the  prostate  and 
pelvic  lymph  nodes  during  concurrent  treatment,  optimizing 
a  set  of  IMRT  plans  with  multiple  prostate  positions  is  an 
alternative  strategy.  The  conventional  isocenter  shifting 
method  is  inadequate  for  selected  cases  where  a  small  plan¬ 
ning  margin  to  both  prostate  and  pelvic  lymph  nodal  vol¬ 
umes  is  demanded.  With  an  improved  record  and  verification 
system,  the  MLC-shifting  approach  can  further  improve  ac¬ 
commodation  of  prostate  motion  in  the  multiple  directions, 
particularly  with  a  fine  MLC  leaf  width.  Validation  plans 
calculated  with  daily  volumetric  image  guidance  provide  pa¬ 
tient  specific  dosimetric  monitoring  and  dose  guidance,  al¬ 
lowing  us  to  adjust  radiation  dose  in  the  boost  phase  of  the 
treatment. 
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Abstract 

Purpose:  Concurrent  irradiation  of  the  prostate  and  pelvic  lymph  nodes  (PLNs)  can  be 
challenging  due  to  the  independent  motion  of  the  two  target  volumes.  To  address  this  issue,  a 
strategy  referred  to  as  Multiple  Adaptive  Planning  (MAP)  was  proposed.  With  MAP,  multiple 
IMRT  plans  are  created  with  different  presumed  prostate  locations  with  respect  to  PLNs  prior  to 


treatment.  During  treatment,  one  of  these  IMRT  plans  is  selected  for  treatment  by  closely 
matching  location  of  the  prostate  the  day  with  the  presumed  prostate  location.  In  this  work,  we 
investigate  the  number  of  prepared  IMRT  plans  are  adequate  to  accommodate  for  independent 
motion  of  the  prostate  and  PLNs. 

Methods:  Six  patients,  who  received  concurrent  irradiation  of  the  prostate  and  PLNs,  were 
selected  for  this  study.  For  each  patient,  nine  IMRT  plans  were  created  with  nine  presumed 
prostate  movements:  5  mm  in  either  the  anterior-posterior  (A-P),or  superior-inferior  (S-I),  or 
simultaneous  5  mm  movements  in  these  two  directions.  From  treatment  data  of  the  six  patients, 
thirty  three  fractions  with  useablel  megavoltage  (MV)  cone-beam  CT  (CBCT)  images  were 
identified.  Through  a  process  of  dual  image  registrations  between  simulation  CT  and  MV- 
CBCT:  by  aligning  to  the  implanted  markers  inside  the  prostate  and  by  aligning  to  the  pelvic 
bones,  large  prostate  displacements  (>  3  mm  in  any  directions)  with  respect  to  pelvic  bones  were 
found  in  17  of  these  33  fractions.  For  each  of  these  17  fractions  ,  one  MAP  plan  was  selected 
and  applied  to  the  corresponding  MV-CBCT  images  for  fraction  dose  calculation.  For 
comparison,  an  isocenter  shifted  plan  and  an  adaptive  plan  based  on  the  MV-CBCT  were  also 
created  for  each  of  these  17  fractions.  The  dose  to  95%  (D95)  of  the  prostate  and  PLNs,  and  the 
dose  to  5%  (D5)  of  the  rectum  and  bladder  were  calculated  and  analyzed. 

Results:  For  the  prostate,  D95  >  97%  of  the  prescription  dose  was  achieved  in  16,  16,  and  17  of 
17  fractions  for  the  MAP,  iso-shifting,  and  ART  plans,  respectively.  For  PLNs,  D95  >  97%  of 
the  prescription  doses  was  achieved  in  10,  3,  and  17  of  17  fractions  for  the  MAP,  iso-shifting, 
and  rART  plans,  respectively.  The  average  (±  1SD)  D5  of  the  rectum  was  45.78  ±  5.75  Gy, 
45.44  ±  4.64  Gy,  and  44.64  ±  2.71  Gy,  and  the  average  (±  1SD)  D5  of  the  bladder  was  45.18  ± 


2.70  Gy,  46.91  ±  3.04  Gy,  and  45.67  ±  3.61  Gy  for  the  MAP,  iso-shifting,  and  rART  plans, 
respectively. 

Conclusion:  Although  extra  planning  effort  is  required,  the  MAP  strategy  with  nine  IMRT  plans 
achieved  similar  dose  coverage  to  the  prostate  but  improved  dose  coverage  to  PLNs  compared  to 
the  conventional  iso-shifting  technique.  The  MAP  approach  can  be  immediately  used  in  clinical 
practice  without  requiring  extra  hardware  and  software. 

Keywords:  prostate  cancer,  movement  management,  adaptive  planning,  intensity  modulated 
radiotherapy,  and  image-guided  radiotherapy 


I. 


INTRODUCTION 


Although  the  use  of  whole  pelvic  radiotherapy  (WPRT)  for  patients  with  intermediate-  and  high- 
risk  prostate  cancer  remains  controversial,  a  growing  body  of  data  supports  the  role  of  this  type 
of  treatment.1'9  For  concurrent  irradiation  of  the  prostate  and  pelvic  lymph  nodes  (PLNs)  in 
WPRT,  intensity-modulated  radiotherapy  (IMRT)  has  been  shown  to  provide  dosimetric 
advantages  over  3D-conformal  radiotherapy  (3D-CRT).10"13.  These  advantages  include  more 
conformal  dose  distributions  to  lymph  nodes  and  reduced  doses  to  normal  tissues  such  as  the 
rectum,  bladder,  and  bowel.  Therefore,  IMRT  has  become  the  standard  treatment  modality  for 
external  beam  WPRT  at  many  cancer  centers. 

One  major  challenge  in  IMRT- WPRT  is  the  independent  motion  of  two  target  volumes,  the 
prostate  and  pelvic  lymph  nodes  (PLNs).  As  the  prostate  is  mobile  with  respect  to  the  pelvic 
bones,  PLNs  are  presumably  fixed  with  respect  to  the  pelvic  bones.14  For  example,  the  position 
of  the  prostate  was  found  to  vary  daily  up  to  1.5  cm  with  respect  to  the  pelvic  bones  (thus  the 
PLNs)  during  a  typical  treatment  course  of  7-9  weeks.15  Therefore,  the  conventional  method  of 
shifting  the  isocenter  to  track  and  compensate  the  daily  prostate  position  may  result  in  reduced 
dose  coverage  to  the  PLNs,  particularly  in  highly  conformal  IMRT  treatment  plans.16,17 
To  address  this  challenge,  ,  online  re-optimization  and  adaptation  approaches  have  been 
proposed  by  different  investigators.17"27.  Using  daily  images  sets  and/or  contours,  a  new 
treatment  plan  with  plan  quality  comparable  to  the  original  plan  is  created  through  a  process  of 
re-optimization  or  MLC  shape  modification.  Hwang  et.  al.,  showed  the  effectiveness  of  an 
adaptive  morphing  approach  (with  and  without  weight  optimization)  in  compensation  for  the 
independent  motion  of  the  prostate  and  PLNs  for  five  WPRT  cases.17  Ludlum  et.  al.,  proposed  a 
MLC  adaptation  method  for  WPRT  without  re-optimization  or  dose  calculation.22  However, 
those  proposed  methods  have  not  clinically  implemented  due  to  logistical  issues  such  as  quality 


assurance,  prolonged  treatment  time,  or  unavailable  clinical  tools.  .  Another  intuitive  approach 
is  to  increase  the  planning  margins  to  the  both  target  volumes.  However,  the  use  of  enlarged 
planning  margin  increases  doses  to  normal  tissues  and  offsets  the  advantages  of  IMRT.  For  a 
special  clinical  case,  we  have  proposed  an  off-line  strategy,  referred  to  as  multiple  adaptive 
planning  (MAP)16,  to  compensate  for  independent  motion  of  the  prostate  and  PLNs.  With  MAP 
approach,  multiple  IMRT  plans  are  prepared  using  the  planning  CT  with  different  presumed 
prostate  positions  with  respect  to  PLNs.  Prior  to  each  treatment,  one  of  those  IMRT  plans  is 
selected  by  closely  matching  the  location  of  the  prostate  the  day  and  a  presumed  prostate 
location.  The  workflow  of  the  MAP  approach  for  clinical  use  and  this  retrospective  study  is 
shown  in  Fig.  1. 

In  a  feasibility  study  of  the  MAP  strategy  from  our  group,  five  IMRT  plans  was  created  to 
compensate  for  presumed  prostate  movements  of  5  mm  and  10  mm  in  a  single  superior  or 
posterior  direction  for  a  specific  patient.16  Because  the  prostate  displacements  could  occur 
simultaneously  in  the  both  longitudinal  and  anterior-posterior  (A-P)  directions,  the  previous 
study  did  not  accommodate  this  bi-directional  movement,  resulted  in  inadequate  dose  coverage 
to  the  prostate  in  35%  of  treatment  days.  In  this  study,  we  aim  to  account  for  the  prostate 
movements  in  the  both  longitudinal  and  anterior-posterior  (A-P)  directions  and  to  determine  a 
practical  number  of  IMRT  plans  required  for  the  clinical  implementation  of  the  MAP  strategy  for 
a  larger  pool  of  patients.  Based  on  verification  images  from  six  patients,  we  retrospectively 
evaluated  and  compared  this  strategy  with  an  online  optimization  and  a  conventional  isocenter- 
shifting  approach. 
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Imago  Sot 


Daily  MV-CBCT 
Imago  Sot 


Fig.  1.  Workflow  of  the  MAP  strategy  (solid  line).  The  dashed  lines  represent  additional  steps  required 
for  this  retrospective  study. 

II.  METHODS  AND  MATERIALS 
II. A.  Treatment  planning 

Planning  and  verification  image  data  from  six  patients  with  advanced  prostate  cancer  was 
retrospectively  selected  for  this  study,  which  was  approved  by  the  local  Institutional  Review 
Board  (IRB).  The  WPRT  consisted  of  two-phase  sequential  treatments:  an  initial  IMRT 


treatment  for  the  pelvic  lymph  nodes  and  prostate;  and  a  boost  IMRT  treatment  for  the  prostate 
only.  This  study  focused  on  the  initial  IMRT  treatments,  in  which  the  prostate  and  seminal 
vesicles  were  treated  with  45.0-54.0  Gy  (1. 8-2.0  Gy/fraction)  and  PLNs  were  simultaneously 
treated  with  45.0-48.6  Gy  (1.8  Gy/fraction).  Seven  coplanar  beams  (0°,  35°,  90°,  160°,  200°, 
270°,  and  315°)  of  18  MV  photon  energy  were  used  for  IMRT  planning.  All  IMRT  plans  were 
created  using  the  Direct  Machine  Parameter  Optimization  (DMPO)  within  the  Pinnacle  treatment 
planning  system  (version  8.0,  Philips  Medical  System,  Fitchburg,  WI).  Each  plan  was  designed 
to  achieve  adequate  dose  coverage  to  the  targets  while  minimizing  dose  to  normal  tissues 
according  to  our  local  planning  protocol10.  In  the  clinical  IMRT  plans,  the  prescription  doses 
were  to  be  received  by  95%  of  the  PTV  of  the  prostate  and  95%  of  the  PTV-PLNs.  Because  of 
daily  image-guidance,  the  planning  target  volume  (PTV)  of  the  prostate  (±  seminal  vesicles)  was 
created  by  adding  a  uniform  2  mm  margin  to  the  prostate  contour,  and  the  PTV  of  PLNs  was 
manually  drawn  by  attending  radiation  oncologists,  without  clearly  defined  CTV  of  PLNs.  Thus, 
t  the  PTV  of  PLNs  was  the  same  as  the  CTV  for  the  rest  of  this  article.  For  the  purpose  of  this 
study,  the  doses  to  “the  prostate  (CTV)  of  the  day  and  PLNs  (CTV)  of  the  day”  were  evaluated. 
All  IMRT  plans  were  delivered  on  Siemens  linear  accelerators  (Model:  Oncor,  Siemens  Medical 
Solution,  Concord,  CA). 

II.B.  MV-CBCT  Image  Guidance  and  Dual  image  registrations 

The  volumetric  image  modality  available  on  the  ONCOR  linac  was  megavoltage  (MV)  cone- 
beam  CT  (CBCT),  using  a  6  MV  photon  beam  and  an  amorphous  silicon  (a-Si)  flat  panel 
detector  (AG9-ES,  PerkinElmer  Optoelectronics,  Fremont,  CA).  During  acquisition  of  MV- 


CBCT,  a  projection  image  was  acquired  for  each  degree  during  a  210°  (from  270°  to  100°, 
clockwise)  gantry  rotation.  A  typical  reconstruction  volume  is  256  x  256  x  274  (1.1  x  1.1  x  1.0 
mm  in  voxel  size).  ’ 

To  localize  the  prostate,  the  MV-CBCT  and  planning  CT  images  were  aligned  to  3  implanted 
markers  inside  the  prostate  gland,  using  a  commercial  software  system  (MVision™,  Siemens 
Medical  Solutions,  Concord,  CA).  The  shifts  from  this  alignment  included  the  prostate  inter¬ 
fraction  motion  and  setup  errors. 

Another  image  registration  aligned  to  the  pelvic  bones  was  performed  to  detect  the  setup  errors, 
which  can  be  corrected  by  repositioning  the  treatment  couch.  For  this  retrospective  study,  the 
process  of  dual  image  registration  was  performed  within  the  Pinnacle  TPS.  The  prostate  location 
with  respect  to  the  pelvic  bones  were  determined  from  the  difference  of  two  sets  of  translational 
shifts  obtained  from  the  process  of  dual  image  registrations. 

II.D.  Multiple  Adaptive  Planning  (MAP)  strategy 

With  MAP,  multiple  IMRT  plans  were  created  on  the  same  planning  CT,  and  each  plan  was 
individually  optimized  with  a  presumed  (potential)  prostate  location.  The  number  of  presumed 
prostate  locations  was  determined  by  the  movement  direction  and  magnitude  of  the  prostate.  . 
Because  the  prostate  movements  in  the  lateral  direction  were  typically  small,  only  discrete 
movement  of  5  mm  in  the  anterior  (A),  posterior  (P),  superior  (S),  and  inferior  (I)  directions  were 
considered  when  generating  presumed  prostate  locations  from  the  planned  prostate  position. 
Because  the  prostate  shifts  (e.g.,  >  10  mm)  were  infrequent  from  our  patient  population,  we 
decided  not  to  include  these  shifts  in  this  study.  Hence,  eight  presumed  prostate  positions  were 


created  for  each  patient  by  rigidly  shifting  the  originally  planned  prostate  position  in  the  A-P  and 
S-I  direction  using  an  in-house  program.  Those  shifted  prostate  contours  were  referred  to  as  A5, 
P5,  S5,  15,  A5S5,  A5I5,  P5S5,  and  P5I5,  with  the  letter  representing  the  shift  direction  and  5 
referring  to  5  mm  shift.  .  For  example,  four  shifted  prostate  contours,  A5,  P5,  S5,  and  15,  are 
shown  along  with  the  planned  prostate  contour  in  Fig.  2. 


Fig.  2.  Shifted  prostate  contours  of  A5,  P5,  S5,  and  15  (represented  in  blue,  canyon,  green,  and  purple) 
from  the  planned  contour  in  red. 

These  shifted  prostate  and  original  PLNs  were  used  as  the  planning  target  volume  for  creating 
multiple  IMRT  plans,  based  on  the  guideline  described  in  section  II.  A. 

II.E.  Online  re-optimization  adaptive  planning  strategy 

For  each  fraction  with  >  3  mm  prostate  displacements,  an  online  re-optimization  adaptive 
radiotherapy  (rART)  plan  was  created  on  the  corresponding  MV-CBCT  images,  Since  it  was 
difficult  to  accurately  contour  the  soft  tissue  organs  on  MV-CBCT  images  due  to  their  limited 


soft-tissue  contrast,  the  contours  of  the  prostate,  bladder,  and  rectum  was  first  transferred  from 
planning  CT  to  the  MY-CBCT  after  a  rigid  image  registration  of  the  implanted  markers  and  then 
manually  edited  if  visible  deformations  in  these  organs  were  observed.  The  contours  of  the  PLN 
and  external  of  the  patient  body  were  transferred  from  the  planning  CT  to  the  MV-CBCT  after  a 

rigid  pelvic  bone  registration. 

For  comparison,  the  prostate  (CTV)  and  PLNs  were  directly  used  as  the  planning  target  for  rART 
planning  without  additional  planning  margins.  A  prescription  isodose  line  was  selected  on  each 
rART  plan  to  ensure  95%  of  the  prostate  and  95%  of  the  PLNs  received  the  prescription  doses. 
Similar  dose  constraints  for  the  bladder  and  rectum  as  those  in  the  clinical  plan  were  applied  in 
the  process  of  DMPO  within  the  Pinnacle  TPS. 

ILF.  Iso-shifting  planning  strategy 

The  iso-shifting  strategy  was  a  well-adapted  clinical  method  for  IMRT  treatment  of  prostate 
cancer  under  daily  image  guidance.  For  MV-CBCT  IGRT,  this  strategy  was  implemented  by 
shifting  the  treatment  couch  according  to  the  registration  of  the  implanted  markers  inside  the 
prostate  on  the  MV-CBCT  and  planning  CT  images.  To  compare  with  the  MAP  strategy, 
simulated  iso-shifting  plans  were  also  created  on  the  MV-CBCT  images  by  shifting  the  planning 
isocenter  while  keeping  the  same  beam  configurations  as  used  in  the  original  IMRT  plans. 

II.G.  Plan  comparison 

Because  the  axial  field  of  view  (FOV)  for  MV-CBCT  images  was  256  x  256,  an  in-house 
program  was  used  to  extend  the  FOV  in  the  MV-CBCT  images  to  match  the  dimensions  of  the 
planning  CT  (512  x  512)  to  recover  any  missing  body  tissue,  which  affected  beam  attenuation 


and  dose  calculation.  Those  processed  images  were  input  back  to  the  Pinnacle  system  via 
DICOM  and  set  as  the  primary  images  for  contouring  and  dose  calculation.  Because  the  accuracy 
of  the  dose  calculation  of  using  CBCT  images  was  subject  to  the  cupping  artifacts  and  CT 
density  inaccuracy  as  well  as  the  limited  FOV  of  our  current  MV-CBCT  imaging  system,  a 
constant  CT  density  of  1  g/cm3  was  assigned  to  all  tissues  enclosed  by  the  external  contour, 
which  was  transferred  to  the  MV-CBCT  after  the  bony-based  image  registration. 

To  validate  our  MAP  strategy,  an  MAP-IMRT  plan  was  compared  with  the  corresponding  iso- 
shifting  and  rART  plans  (as  described  in  previous  sections)  based  on  the  defined  endpoint  doses 
to  the  targets  and  OARs  delineated  on  the  MV-CBCT  images.  The  doses  to  95%  of  the  target 
volumes  (D95)  and  doses  to  5%  of  the  rectum  and  bladder  (D5)  were  compared  for  all  17 
fractions.  Student  t-tests  were  used  to  compare  these  defined  endpoints. 


III.  RESULTS 
III.A.  Image  guidance 

For  these  6  patients,  MV-CBCT  images  were  only  acquired  weekly  with  daily  orthogonal  portal 
imaging  to  minimize  radiation  dose  to  the  patients.  A  total  of  thirty  three  MV-CBCTs  were 
available  for  this  study.  After  dual  image  registrations  of  each  CBCT  and  the  corresponding 
planning  CT,  we  found  seventeen  fractions  with  the  prostate  shifts  greater  than  3  mm  in  any 
directions.  The  distribution  of  these  prostate  movements  with  respect  to  the  pelvic  bones  is 
shown  in  Fig.  3.  As  expected,  lateral  prostate  shifts  were  smaller  than  2  mm  in  16  of  17  fractions, 
and  the  prostate  shifts  greater  than  3  mm  occurred  mostly  in  either  the  A-P  or  S-I  directions,  or 


both  directions. 
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Fig.  3.  Prostate  shifts  for  17  fraction  used  for  dosimetric  evaluation.  The  prostate  movements  along  the 
three  axes  are  plotted  for  each  fraction.  The  positive  shifts  are  in  the  left,  anterior,  and  inferior  direction, 
respectively. 

III.B.  Dose  comparison  using  MV-CBCT 

For  the  prostate,  D95  >  97%  of  the  prescription  dose  was  observed  in  16,  16,  and  17  of  17 
fractions  for  the  MAP,  iso-shifting,  and  rART  verification  plans  (see  Fig.  4A).  The  average  (± 
SD)  D95  of  the  prostate  were  101.3  ±  3.1%,  102.4  ±  2.4%,  and  104.2  ±  3.2%  for  the  MAP,  iso- 
shifting,  and  rART  plans,  respectively.  The  mean  D95  of  the  prostate  between  the  MAP  and  iso- 
shifting  plans  was  not  statistically  different  (p  =  0.089).  The  mean  D95  of  the  MAP  plans  was 
statistically  different  from  that  of  rART  plans  (P<  0.05).  The  mean  D95  of  the  iso-shift  plans  was 


also  statistically  different  (P,  0.05). 


For  PLNs,  D95  >  97%  of  the  prescription  dose  was  observed  in  10,  3,  and  17  of  17  fractions  for 
the  MAP,  iso-shifting,  and  rART  verification  plans  (see  Fig.  4B).  The  average  D95  of  PLNs 
were  97.1  ±  2.7%,  94.0  ±  3.3%,  and  100.9  ±  1.4%  of  the  prescription  dose  for  the  MAP,  iso- 
shifting,  and  rART  plans,  respectively.  The  mean  D95  of  PLNs  among  the  MAP,  iso-shift,  and 
rART  plans  were  statistically  different  (p  <  0.05). 

Overall,  the  use  of  the  MAP  strategy  with  9  IMRT  plans  can  achieve  similar  dose  coverage  to  the 
prostate  but  improved  dose  coverage  to  PLNs  compared  to  conventional  isocenter  shifting 
approach.  The  online  re-optimization  method  was  the  best  solution  to  independent  motion  of  the 
prostate  and  PLNs. 
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Fig.  4.  (A)  Prostate  D95  and  (B)  PLN  D95  for  17  fractions  with  large  prostate  displacements.  The 
dosimetric  values  are  normalized  to  prescription  doses. 


The  average  (±  SD)  D5  of  the  rectum  was  45.78  ±  5.75  Gy,  45.44  ±  4.64  Gy,  and  44.64  ±  2.71 
Gy,  and  the  average  (±  SD)  D5  of  the  bladder  was  45.18  ±  2.70  Gy,  46.91  ±  3.04  Gy,  and  45.67 
±3.61  Gy  for  the  MAP,  iso-shifting,  and  rART  verification  plans,  respectively. 


IV.  DISCUSSIONS 

In  this  work,  we  have  retrospectively  evaluated  the  MAP  strategy  that  can  potentially  be  used  to 
compensate  for  independent  motion  of  the  prostate  and  pelvic  lymph  nodes  in  the  whole  pelvic 
radiotherapy  of  high-risk  prostate  cancer.  The  MAP  technique  with  nine  IMRT  plans  has  been 
shown  to  maintain  similar  dose  coverage  to  the  prostate  but  to  improve  dose  coverage  to  PLNs, 
compared  to  those  achieved  using  the  conventional  iso-shifting  method.  For  our  local  practice, 


the  translational  shifts  of  the  isocenter  are  made  based  on  the  locations  of  three  markers, 
implanted  inside  the  prostate  before  the  radiotherapy  treatment  course,  shown  on  the  MV-CBCT 
images  and  those  on  the  planning  CT  images. 

Designed  as  an  off-line  strategy,  the  MAP  technique  is  straightforward  and  practical.  Compared 
to  conventional  IGRT  process,  the  similar  workflow  and  time  is  expected  for  implementing  the 
MAP  approach  for  daily  treatment.  Although  another  image  registration  based  on  the  bony 
structures  is  required,  it  can  be  automatically  and  quickly  achieved  on  most  current  equipped 
IGRT  software.  With  much  effort  put  into  preparation  of  more  IMRT  plans  beforehand,  we 
expect  to  save  treatment  time  and  effort  during  the  treatment  compared  with  online  re- 
optimization  methods.  The  implementation  of  the  re-optimization  approach 

requires  dedicated  time  and  involvements  of  the  attending  physician,  physicist,  and  machine 
therapists.  Many  steps  are  needed  for  a  newly  optimized  plan  to  be  loaded  into  the  record  and 
verify  (R&V)  system  and  to  be  approved  for  treatment  delivery.  The  use  of  the  MLC  adaptation 
method 18,1 9,22  can  quickly  create  a  high-quality  adaptive  plan  on  the  sequencer,  but  a  new 
function  is  required  to  be  added  into  the  R&V  system.  Therefore,  the  most  current  practice  for 
prostate  IGRT  still  uses  the  method  of  the  isocenter  shifting,  based  on  the  implanted  marker  or 
soft-tissue  matching.  Li  et.  al.  have  proposed  a  method  referred  to  as  adaptive  images  guided 
radiation  therapy  (AIGRT)31  and  attempted  to  combine  online  re-optimization  and  re-position 
(isocenter-shifting).  However,  this  approach  still  faces  issues  of  the  re-optimization  mentioned 
above,  and  so  for  the  method  of  using  a  knowledge  base  of  prior  treatments  to  generate  new 
prostate  IMRT  plans32. 

One  major  limitation  our  study  was  the  use  of  MV  CBCT  images  for  daily  contouring  and  dose 
calculation.  Directly  contouring  soft-tissue  organs  on  the  available  MV-CBCT  remains  difficult 


due  to  its  inherent  low  soft-tissue  contrast  compared  to  simulation  CT  or  even  kilo-voltage  (KV) 
CBCT.  This  was  also  the  reason  that  we  did  not  include  the  seminal  vesicles  in  this  study,  which 
were  part  of  the  planning  target  volume  in  the  original  plan.  The  accuracy  of  the  dose  calculation 
using  CBCT  images  was  subject  to  the  cupping  artifacts  and  CT  density  inaccuracy  as  well  as  the 
limited  FOV  of  our  current  MV-CBCT  imaging  system.  Although  we  circumvented  these  issues 
by  rigidly  transferring  the  contours  from  the  simulation  CT  to  MY-CBCT  and  assigning 
homogeneous  density  within  the  external  contour,  the  accuracy  of  these  methods  needs  to  be 
further  investigated.  The  use  of  large  field  of  view  (FOV)  kV-CBCT  images  or  daily  diagnostic 
quality  CT  (e.g.  CT  on  rails)  is  thus  warranted  for  future  studies  of  the  MAP  strategy. 

Because  multiple  IMRT  plans  were  created  with  limited  number  of  presumed  prostate  locations, 
target  coverage  was  compromised  if  daily  target  positions  were  not  perfectly  matched  to  those 
presumed  positions.  This  situation  was  in  part  due  to  zero  planning  margins  applied  to  the 
prostate  for  creating  multiple  IMRT  plans  in  this  study.  We  expect  the  target  coverage  may  be 
improved  by  adding  small  margins  (e.g.  2  mm)  to  the  targets,  which  can  compensate  for  inter- 
and/or  intra-fraction  target  deformation  and  rotations,  or  for  unmatched  target  locations.  At  the 
same  time,  the  number  of  MAP-IMRT  plans  may  be  further  reduced  with  a  small  planning 
margin  applied  for  the  target  volumes.  This  hypothesis  may  warrant  a  future  study  on  the  MAP 
technique. 

To  fully  take  advantage  of  IMRT  for  patient  receiving  WPRT,  the  adequate  dose  coverage  to  the 
prostate  and  pelvic  nodal  volumes  are  essential.  The  results  of  this  study  indicated  that  the  MAP 
strategy  with  9  IMRT  plans  can  achieve  similar  dose  coverage  to  the  prostate  but  improved  dose 
coverage  to  pelvic  lymph  nodes  when  compared  with  the  conventional  iso-shifting  strategy.  The 


concept  of  the  MAP  technique  could  be  potentially  extended  to  other  sites  involving  target 
volumes  with  independent  motion  patterns. 

V.  CONCLUSIONS 

Without  requiring  new  software  and  hardware,  the  MAP  strategy  is  straightforward  and  can  be 
directly  applied  to  clinical  practice.  Although  it  may  take  extra  effort  in  preparation  of  multiple 
plans,  the  use  of  the  MAP  technique  with  9  IMRT  plans  can  partly  compensate  for  most  frequent 
independent  movements  of  two  target  volumes  in  WPRT  treatment  of  patients  with  immediate- 
and  high-risk  prostate  cancer. 
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1  Summary 

2  The  independent  movement  of  the  prostate  and  lymph  nodes  challenges  the  choice  of 

3  daily  imaging  registration  focus.  Based  on  124  CBCT  images  with  planning  margins  of 

4  8mm/6mm  posterior  to  the  prostate  and  5  mm  to  the  pelvic  lymph  nodes  (PLN),  this 

5  study  demonstrated  that  aligning  to  the  prostate  is  an  effective  strategy,  still  delivering 

6  adequate  dose  to  the  PLN;  aligning  to  the  pelvic  bone  may  underdose  to  the  prostate  in 

7  1/3  of  fractions. 
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Alignment  focus  of  Daily  Image  Guidance  for  Concurrent  Treatment 
Of  Prostate  and  Pelvic  Lymph  Nodes 


2 

3 

4  Abstract 

5  Purpose:  To  determine  the  dosimetric  impact  of  daily  imaging  alignment  focus  on  the 

6  prostate  soft  tissue  versus  the  pelvic  bones  for  the  concurrent  treatment  of  the  prostate 

7  and  pelvic  lymph  nodes  (PLN),  and  to  assess  whether  multi-leaf  collimator  (MLC) 

8  tracking  or  adaptive  planning  (ART)  is  necessary  with  the  current  clinical  planning 

9  margins  of  8mm/6mm  posterior  to  the  prostate  and  5mm  to  the  PLN. 

10  Methods  and  Materials:  A  total  of  124  kilo-voltage  cone-beam  computed  tomography 

1 1  (kV-CBCT)  images  from  six  patients  were  studied.  For  each  KV-CBCT,  four  plans  were 

12  retrospectively  created  using  an  iso-center  shifting  methods  with  two  different  alignment 

13  focuses  (prostate,  PLN),  MLC  shifting  method,  and  the  ART  method.  The  selected 

14  dosimetric  endpoints  were  compared  among  these  plans. 

15  Results:  For  the  iso-shift-contour,  iso-shift-bone,  MLC-shift,  and  ART  plans,  D99  of  the 

16  prostate  was  >97%  of  the  prescription  dose  in  97.6%,  73.4%,  98.4%,  and  96.8%  of  124 

17  fractions,  respectively.  Accordingly,  D99  of  the  PLN  was  >97%  of  the  prescription  dose 

18  in  98.4%,  98.4%,  98.4%,  and  100%  of  124  fractions,  respectively.  For  the  rectum,  D5 

19  exceeded  105%  of  the  planned  D5  (and  D5  of  ART  plans)  in  11%  (4%),  10%  (2%),  and 

20  13%  (5%)  of  124  fractions,  respectively.  For  the  bladder,  D5  exceeded  105%  of  the 

21  planned  D5  (and  D5  of  ART)  plans  in  0%  (2%),  0%  (2%),  and  0%  (1%)  of  124  fraction, 

22  respectively. 
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23  Conclusion:  For  concurrent  treatment  of  the  prostate  and  PLN,  with  a  planning  margin  to 

24  the  prostate  of  8mm/6mm  posterior  and  a  planning  margin  of  5mm  to  the  PLN,  aligning 

25  to  the  prostate  soft  tissue  can  achieve  adequate  dose  coverage  to  the  both  target  volumes; 

26  aligning  to  the  pelvic  bone  would  result  in  underdosing  to  the  prostate  in  1/3  of  fractions. 

27  With  these  planning  margins,  MLC  tracking  and  ART  methods  have  no  dosimetric 

28  advantages. 

29 
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30 


Introduction 


31  Concurrent  radiation  treatment  of  the  prostate  and  pelvic  lymph  nodes  (PLN)  is 

32  technically  challenging  because  of  the  independent  movement  of  the  target  volumes. 

33  Image-guided  radiotherapy,  especially  in-room  computed  tomography  (CT)  such  as  kilo- 

34  voltage  cone  beam  CT  (KV-CBCT)  and  CT-on-rails,  has  not  only  greatly  improved  the 

35  precision  of  patient  positioning  (1,  2)  but  also  lead  to  possibility  of  adaptive  radiotherapy 

36  (3-5).  While  the  prostate  is  movable,  the  PLN  are  thought  to  be  relatively  fixed  in  close 

37  proximity  to  vascular  structures  (6),  which  are  presumably  fixed  with  respect  to  the 

38  pelvic  bony  anatomy.  Simultaneously  delivering  IMRT  to  the  prostate  and  PLN  may 

39  require  a  large  planning  margin  for  one  of  the  clinical  target  volumes  (CTV),  depending 

40  on  the  focus  of  daily  image  alignment  (7)  (8). 

41 

42  For  concurrent  treatment  of  the  prostate  and  PLN,  an  ideal  approach  would  be  the  real 

43  time  adaptive  radiotherapy  (ART).  The  group  from  Medical  College  of  Wisconsin  has 

44  shown  that  with  the  CT-on-rails  system  and  an  adaptive  morphing  algorithm,  the  real 

45  time  ART  approach  for  prostate-only  treatment  requires  a  minimum  of  8  minutes  (9). 

46  Although  real  time  ART  is  promising,  the  logistics  and  special  requirements  of  the 

47  hardware  and  software  may  hamper  the  use  of  this  method  clinically.  One  of  the  greatest 

48  challenges  is  the  requirement  of  real-time  segmentation  of  the  target  volumes  and 

49  sensitive  structures,  demanding  significant  time  and  effort  from  physicians.  Assuming  a 

50  minimum  deformation  of  the  prostate,  our  group  proposed  a  multi-leaf  collimator  (MLC) 

51  tracking  method  (10)  to  compensate  for  inter- fractional  movement  of  the  prostate  while 

52  concurrently  treating  the  PLN,  without  requirement  of  real-time  target  volume 
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53  delineation  and  dose  calculation  (11).  The  MLC  tracking  method  shifts  the  positions  of 

54  the  selected  the  MLC  leaf  pairs  to  track  the  prostate  movement  while  keeping  the 

55  positions  of  the  other  MLC  leaf  pairs  unchanged. 

56 

57  With  the  current  clinical  planning  margins  of  8mm/6mm  posterior  to  the  prostate  and 

58  5mm  to  the  PLN,  the  purpose  of  this  study  is  to  use  clinically  acquired  CBCT  images  to 

59  determine  the  dosimetric  impact  of  daily  imaging  alignment  focus  on  the  prostate  soft 

60  tissue  versus  the  pelvic  bones  (a  surrogate  for  the  PLN)  for  the  concurrent  treatment  of 

61  the  prostate  and  PLN,  and  to  assess  whether  the  MLC  tracking  or  ART  planning  has 

62  dosimetric  advantage. 

63 

64  Materials  and  Methods 

65 

66  Patient  Selection,  Treatment  Planning  and  Delivery 

67  Six  patients,  who  received  concurrent  IMRT  for  the  prostate  and  PLN  under  KV-CBCT 

68  imaging  guidance,  were  randomly  selected  for  this  retrospective  study.  The  study  was 

69  approved  by  our  local  Institutional  Review  Board.  Only  124  KV-CBCT,  acquired  by 

70  using  an  onboard  imager  from  a  commercial  linear  accelerator  (Synergy  S,  Elekta),  were 

71  suitable  for  our  study  to  cover  the  volumes  of  PLN.  The  CBCTs  with  the  longitudinal 

72  field  of  view  of  25.6  cm  and  the  superior  border  extended  beyond  L5-S1  vertebra  were 

73  selected.  The  CBCT  was  acquired  at  155  cm  from  the  radiation  source  at  a  size  of  the 

74  detector  panel  of  41  cm  x  41  cm.  For  each  KV-CBCT,  contours  of  the  prostate,  bladder 

75  and  rectum  were  manually  delineated  by  a  physician.  Because  of  the  limited  soft  tissue 
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76 


contrast  in  the  CBCT  images  and  the  relatively  fixed  relationship  between  the  PLN  and 

77  the  pelvic  bones  (8),  PLN  contours  were  transferred  from  the  planning  CT  to  the  daily 

78  CBCT  after  a  rigid  bone  image  registration.  For  each  CBCT,  three  verification  plans  and 

79  one  ART  plan  were  generated.  To  overcome  unstable  Hounsfield  numbers  in  CBCTs  due 

80  to  the  scattering,  a  density  of  lg/cm3  was  assigned  to  all  tissue  and  a  zero  density  was 

81  assigned  to  the  outside  region  of  the  body  external  in  CBCTs  (12). 

82 

83  In  the  initial  IMRT  plans,  generated  using  the  Pinnacle™  treatment  planning  system 

84  (version  9.0,  Philips  Radiation  Oncology  System,  Madison,  Wisconsin),  the  iso-center 

85  was  typically  placed  at  the  center  of  the  entire  treatment  volume  (including  both  targets), 

86  above  the  prostate.  The  planning  margins  for  the  prostate  was  8mm/6mm  and  the 

87  planning  margin  for  the  PLN  was  5  mm,  following  the  Radiation  Therapy  Oncology 

88  Group  (RTOG)  consensus  (13).  All  IMRT  treatments  were  delivered  with  a  step-and- 

89  shoot  method  using  10MV  photons  with  a  standard  seven  beam  arrangement.  In  order  to 

90  conduct  a  fair  comparison  with  the  verification  plans,  the  clinical  IMRT  plans  were 

9 1  recalculated  without  heterogeneity  correction. 

92 

93  Image  registrations 

94  According  to  the  previously  proposed  algorithm  (10),  the  prostate  displacement  (relative 

95  to  the  pelvic  bone)  was  measured  by  a  dual  image  registration  method:  first  aligning  the 

96  KV-CBCT  with  the  planning  CT  by  the  pelvic  bones,  and  then  aligning  to  the  contour  of 

97  the  prostate.  These  dual  imaging  registrations  were  restricted  with  translation  shifts  only 

98  to  reflect  a  common  clinical  practice  during  daily  treatment.  The  registrations  were 
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99  conducted  manually  by  aligning  the  prostate  contours  from  the  planning  CT  and  the 

100  CBCT  with  visual  inspection  to  achieve  the  greatest  overlap.  Assuming  that  the  pelvic 

101  lymph  nodal  volumes  were  fixed  with  respect  to  the  pelvic  bones,  the  difference  of  these 

102  two  imaging  registrations  provided  the  prostate  displacement. 

103 

104  Verification  plans  based  on  CBCT 

105  Three  types  of  verification  plans  were  created  for  each  CBCT.  The  first  type  of 

106  verification  plan  applied  the  beam  configuration  and  parameters  from  the  original  IMRT 

107  plan  to  each  CBCT  with  the  treatment  iso-center  shifted  based  on  the  bony  registration, 

108  referred  to  as  iso-shift-bone  plan.  The  second  type  of  verification  plan  shifted  the  iso- 

109  center  to  match  the  daily  prostate  displacement  based  on  the  soft  tissue  registration.  This 

110  plan  is  referred  to  as  the  iso-shift-contour  plan.  The  third,  referred  to  as  the  MLC-shift 

111  plan,  was  based  on  the  MLC  shifting  algorithm  proposed  by  our  previous  publication 

112  (10).  With  this  MLC-shifting  method,  the  displacement  of  the  prostate  was  compensated 

113  without  affecting  the  dose  distributions  to  PLN.  The  algorithm  was  implemented  with  an 

114  in-house  program  which  automatically  identified  MLC  leaf  pairs  that  were  collimated  to 

115  the  prostate  in  the  planning  CT  and  adjusted  the  positions  of  these  leaf  pairs  for  each 

116  segment  of  the  IMRT  plan  to  compensate  for  the  inter- fraction  prostate  motion  in  relative 

117  to  the  pelvic  bones.  Meanwhile,  the  MLC  leaves  that  were  conformal  to  the  PLN  were 

118  unchanged.  Because  the  MLC-shifting  method  was  not  intended  to  create  new  IMRT 

119  plans  but  shift  the  selected  MLC  leaves,  the  planning  margins  for  the  prostate  were  kept 

120  the  same  as  the  original  IMRT  plans  (8mm/6mm  posterior).  The  newly  created  MLC- 

121  shift  plans  were  then  exported  into  to  the  Pinnacle  planning  system  and  applied  to  the 
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122  corresponding  KV-CBCT  for  dose  calculation. 

123 

124  Adaptive  Radiotherapy  (ART)  plans 

125  Based  on  each  daily  CBCT,  a  new  IMRT  plan  was  generated  to  simulate  adaptive 

126  planning  using  the  same  number  of  beams  and  beam  directions  from  the  corresponding 

127  initial  IMRT  plan.  The  planning  objectives  from  the  original  IMRT  plan  were  also  used 

128  as  a  starting  point  for  plan  optimization.  Further  adjustments  in  planning  objectives  were 

129  permitted  in  order  to  achieve  the  adequate  dose  coverage  to  the  prostate  and  PLN  and 

130  similar  dose  volume  histograms  (DYHs)  of  OARs  as  the  original  IMRT  plan.  Because 

131  the  volume  changes  in  the  rectum  and  bladder,  small  deviations  in  DVHs  of  these  OARs 

132  were  permitted.  In  this  study,  the  original  IMRT  plans  and  the  ART  plans  were  used  as 

133  two  benchmarks  to  evaluate  the  effectiveness  of  the  three  verification  plans. 

134 

135  Results 

136 

137  Prostate  and  PLN 

138  For  a  selected  patient,  who  received  concurrent  irradiation  of  50Gy  for  the  prostate  and 

139  the  PLN,  Figure  1  shows  the  detailed  isodose  distributions  for  the  original  IMRT  plan, 

140  iso-shift-contour,  iso-shift-bone,  MLC-shift,  and  ART  plans.  Figures  2a-b  show  the 

141  corresponding  dose  volume  histograms  for  the  prostate,  PLN,  bladder,  and  rectum.  In 

142  Figures  2a-b,  in  order  to  obtain  an  adequate  dose  coverage  to  the  PLN,  the  DVH  of  the 

143  prostate  in  the  ART  plan  was  slightly  better  than  other  plans.  For  124  CBCTs,  a 

144  quantitative  analysis  of  the  dosimetric  impact  of  alignment  to  the  prostate  versus  the 
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145  pelvic  bones  for  the  prostate  and  the  PLN  from  the  three  verification  plans  is  shown  in 

146  Table  1.  In  this  study,  because  of  residual  positioning  errors  and  limitation  of  dose 

147  calculation  in  CBCTs,  we  used  a  criterion  of  D99  >  97%  of  the  prescribed  dose  to 

148  evaluate  verification  plans.  Using  this  criterion,  we  found  that  97.6%,  73.4%,  and  98.4% 

149  of  the  fractions  met  the  criterion  in  the  iso-shift-contour,  iso-shift-bone,  and  MLC-shift 

150  plans  respectively.  Using  D99  of  the  prostate  >  97%  of  the  original  IMRT  D99  of  the 

151  prostate  as  a  criterion,  94.4%,  70.2%,  and  96.8%  of  124  fractions  met  the  criterion  in  the 

152  iso-shift-contour,  iso-shift-bone  and  MLC-shift  plans,  respectively.  Using  D99  of  the 

153  prostate  >  97%  of  the  ART  D99  of  the  prostate  as  a  criterion,  93.5%  of  124  fractions  met 

154  the  criterion  in  both  iso-shift-contour  and  MLC-shift  plans  while  only  67.7%  met  the 

155  criterion  for  the  iso-shift-bone  plans. 

156 

157  For  the  PLN,  using  a  criterion  of  D99  of  the  PLN  >  97%  of  the  prescribed  dose,  we  found 

158  that  98.4%  of  the  fractions  met  the  criteria  for  all  three  verification  plans.  Using  D99  of 

159  the  PLN  >  97%  of  the  planned  D99  as  a  criterion,  98%  of  124  fractions  met  the  criterion 

160  in  the  iso-shift-contour,  iso-shift-bone,  and  MLC-shift  plans,  respectively.  Choosing  D99 

161  of  the  PLN  >  97%  of  the  ART  D99  as  a  criterion,  96.8%,  95.2%,  and  94.4%  of  the 

162  fractions  met  the  criteria  for  the  iso-shift-contour,  iso-shift-bone,  and  MLC-shift 

163  methods,  respectively. 

164 

165  Organs  at  risk 

166  Figures  3a-b  show  D5  of  the  bladder  and  rectum  normalized  to  corresponding  D5  of  the 

167  original  IMRT  plans  for  the  iso-shift-contour,  iso-shift-bone,  and  MLC-shifting  plans. 
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168  Because  of  the  daily  changes  of  the  bladder  and  rectum,  we  chose  to  evaluate  D5  for  all 

169  verification  plans  and  we  also  allowed  D5  deviate  within  105%  from  the  planned  D5. 

170  For  the  bladder,  the  three  verification  plans  had  D5  <105%  of  the  planned  dose  in  all 

171  fractions.  For  the  rectum,  11%,  10%,  and  13%  of  the  fractions  in  iso-shift-contour,  iso- 

172  shift-bone,  and  MLC-shift  plans  had  D5  >105%  of  the  planned  doses,  respectively. 

173 

174  Figures  4a-b  show  the  D5  of  the  bladder  and  rectum  for  all  three  types  of  verification 

175  plans  normalized  to  corresponding  D5  of  the  ART  plans.  Figure  4a  shows  that  2%,  2%, 

176  and  1%,  of  fractions  from  the  iso-shift-contour,  iso-shift-bone,  and  MLC-shifting  plans 

177  had  D5  >105%  of  the  ART  D5  of  the  bladder,  respectively.  In  Figure  4b,  4%,  2%,  and 

178  5%,  of  the  fractions  from  the  iso-shift-contour,  iso-shift-bone,  and  MLC-shifting  plans 

179  had  D5  >105%  of  the  ART  D5  of  the  rectum,  respectively. 

180 

181  Effect  of  Magnitude  of  Prostate  Displacements 

182  Figure  5a  shows  the  daily  prostate  D99  for  iso-shift-contour,  iso-shift-bone,  and  MLC- 

1 83  shifting  plans  normalized  to  the  prostate  D99  of  the  initial  IMRT  plan  as  a  function  of  the 

184  prostate  displacement  magnitude.  In  83%  (103/124)  fractions,  the  prostate  motion 

185  magnitude  was  <  0.74cm  with  the  remaining  17%  (21/124)  fractions  having  >  0.74cm 

186  prostate  displacement.  The  magnitude  of  0.74cm  is  equivalent  0.5cm  inter- fraction 

187  prostate  movement  in  both  superior-inferior  and  anterior-posterior  directions  with  0.2cm 

188  movement  in  the  lateral  directions.  In  83%  (103  fractions),  94.2%,  76.7%,  and  97%  of  the 

189  fractions  received  D99  of  the  prostate  >  97%  of  the  planned  D99  of  the  prostate  for  the 

190  iso-shift-contour,  iso-shift-bone,  and  MLC-shift  methods,  respectively.  For  the  prostate 
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191  displacement  >  0.74cm,  95.2  %  (20/21)  fractions  had  D99  of  the  prostate  >  97%  of  the 

192  planned  D99  for  the  iso-shift-contour  and  MLC-shift  plans,  but  only  38%(8/21)  of  the 

193  fractions  met  the  criterion  for  the  iso-shift-bone  plans. 

194  Figure  5b  plots  the  daily  D99  of  the  PLN  normalized  to  the  planned  D99  of  the  PLN  for 

195  iso-shift-contour,  iso-shift-bone,  and  MLC-shifting  plans  as  a  function  of  the  prostate 

196  displacement  magnitude.  Among  the  fractions  (103/124)  that  have  the  prostate 

197  displacement  magnitude  <  0.74cm,  99%  (102/103)  fractions  achieved  D99  of  the  PLN  > 

198  97%  of  the  planned  D99  PLN  for  the  iso-shift-contour  and  MLC-shift  methods,  and  98% 

199  (101/103)  of  the  fractions  met  this  criterion  for  the  iso-shift-bone  method.  For  the 

200  prostate  displacement  magnitude  >  0.74cm,  95.2%  (20/21)  of  the  fractions  met  the 

201  criterion  for  all  three  verification  plans  for  the  PLN. 

202 

203  Discussion 

204  With  image  alignment  focuses  to  the  prostate  soft  tissue  and  to  the  pelvic  bones  for  124 

205  KV-CBCTs,  we  evaluated  conventional  iso-center  shifting,  MLC  tracking,  and  ART 

206  methods  for  concurrent  treatment  of  the  prostate  and  PLN  with  a  planning  margin  of 

207  8mm/6mm  posterior  to  the  prostate  and  a  5mm  to  the  PLN.  With  these  planning  margins, 

208  our  results  indicated  that  aligning  to  the  prostate  soft  tissue  on  daily  KV-CBCT  was  an 

209  effective  strategy  and  aligning  to  the  pelvic  bone  would  result  in  underdosing  to  the 

210  prostate  in  1/3  of  fractions.  Without  daily  KV-CBCT  or  other  daily  imaging  guidance 

211  methods  to  localize  the  prostate,  it  is  necessary  to  enlarge  the  planning  margin  greater 

212  than  8  mm/6  mm  posterior  around  the  prostate,  particularly  in  the  superior-inferior  and 
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213  anterior-posterior  directions.  This  study,  however,  did  not  design  to  study  the  planning 

214  margins  without  daily  IGRT. 

215 

216  Furthermore,  with  the  current  clinical  margins,  we  found  that  the  ART  or  MLC  tracking 

217  method  has  no  dosimetric  advantages  over  iso-shift  method  with  the  alignment  to  the 

218  prostate.  A  separate  study  is  ongoing  to  further  investigate  dosimetric  advantages  for 

219  ART  or  MLC  tracking  method  if  the  planning  margins  are  further  reduced.  In  this  study, 

220  the  pelvic  bones  were  used  as  a  surrogate  for  the  PLN  motion  although  we  did  not 

221  thoroughly  investigate  validity  of  the  use  of  this  surrogate.  Based  on  our  knowledge, 

222  there  is  no  publication  to  contraindicate  this  assumption. 

223 

224  Recently,  the  Duke  group  (14)  published  their  approach  of  combining  replanning  and 

225  repositioning  adaptive  strategy  using  daily  or  weekly  CBCT  for  prostate  only  treatment. 

226  Using  5mm  uniform  planning  margin  and  daily  imaging  alignment  to  the  prostate  soft 

227  tissue,  they  found  that  D99  of  the  prostate  received  <  98%  of  the  prescription  dose  in 

228  13%  of  fractions.  Real-time  replanning  or  their  proposed  adaptive  imaging  guided 

229  radiotherapy  can  remedy  underdose  of  the  prostate  in  these  13%  of  fractions.  In 

230  comparison,  using  the  planning  margin  of  8mm/6mm  posterior,  we  did  not  observe 

231  underdose  of  the  prostate  in  this  large  number  of  fractions  (13%).  Instead,  our  results 

232  showed  that  when  aligning  daily  images  to  the  prostate,  D99  of  the  prostate  was  >  97% 

233  of  the  prescription  doses  in  98%  of  fractions  although  we  used  slightly  lower  dosimetric 

234  endpoint  (97%  of  the  prescription  dose  in  the  present  study  vs.  98%  of  the  prescription 
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235  dose  in  the  reference  (14)).  Whether  our  result  would  remain  the  same  when  using  the 

236  more  restrict  Duke  criterion  needs  further  quantification. 

237 

238  With  5mm  planning  margin  to  the  PLN,  Hus  et.  al.  from  Stanford  University  simulated 

239  the  effect  of  prostate  displacement  relative  to  the  PLN  (8).  In  their  study,  the  PTV  of  the 

240  PLN  still  received  95%  of  the  planned  doses  after  randomly  shifting  the  iso-center  in  any 

241  direction  of  the  posterior,  anterior,  superior,  and  inferior  by  4mm  to  6mm.  In  the  present 

242  study,  using  the  same  planning  margin  of  5mm  to  the  PLN,  we  found  that  aligning  to  the 

243  prostate  contour  did  not  underdose  the  PLN,  in  agreement  with  the  result  of  Hus  et.  al. 

244  (8).  The  difference  between  the  Stanford  study  and  our  study  is  that  the  Stanford  group 

245  used  planning  CTs  to  simulate  prostate  motions  while  our  study  directly  used  clinically 

246  acquired  CBCTs  for  dose  calculation. 

247 

248  One  criticism  to  the  present  study  is  that  we  used  criteria  of  D99  of  the  prostate  and  D99 

249  of  PLN  >  97%  of  the  prescription  dose  or  97%  of  the  planned  D99  dose  to  evaluate  the 

250  verification  plans.  Because  of  several  limitations  in  using  CBCT  to  verify  daily  dose,  we 

251  allowed  D99  of  the  prostate  to  be  >  97%  of  the  prescription  dose  instead  of  >  100%  of 

252  the  prescription  dose.  The  limitations  of  using  CBCT  to  verify  daily  dose  included  that 

253  only  the  translational  shifts  were  considered  to  correct  the  inter-fraction  prostate  motion; 

254  tissue  heterogeneity  correction  was  not  applied;  inter-  and  intra-observer  variations  on  the 

255  prostate  contours  were  not  investigated.  Since  obtaining  the  precise  Hounsfield  Numbers 

256  for  each  CBCT  (15)  is  challenge,  we  chose  to  use  homogeneity  tissue  calculation 

257  methods  in  the  CBCT  verification  plans  for  this  study. 
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258 


259  If  we  use  the  prescription  dose  as  a  criterion  while  aligning  to  the  prostate  soft  tissue, 

260  only  84%  fractions  had  D99  of  the  prostate  meet  the  criterion.  If  a  criterion  of  greater 

261  than  97%  of  the  prescription  dose  was  used,  this  number  increased  to  98%.  Similarly  with 

262  5mm  planning  margin  to  the  PLN  and  with  alignment  focus  to  the  pelvic  bones,  only 

263  80%  fractions  had  D99  of  the  PLN  meet  the  prescription  dose.  If  a  criterion  of  greater 

264  than  97%  of  prescription  dose  was  used,  this  number  increased  to  98%.  Clinically,  it 

265  would  be  desirable  to  have  D99  of  the  both  targets  in  all  fractions  greater  than  the 

266  prescription  dose.  We  believe  that  these  results  did  not  indicate  that  the  planning  margins 

267  are  inadequate  while  a  proper  imaging  alignment  focus  was  applied.  These  results  rather 

268  indicated  the  limitations  of  directly  using  CBCT  for  dose  verification,  at  least  in  our 

269  approaches  of  using  CBCT. 

270 

271  Separating  the  magnitude  of  inter- fraction  prostate  motion  into  two  groups,  we  found  that 

272  for  the  prostate  motion  <  0.74cm,  aligning  to  the  pelvic  bone  would  result  in  inadequate 

273  dose  to  the  prostate  in  30%  of  the  fractions  despite  of  a  planning  margin  of  8  mm/6  mm 

274  posterior.  For  fractions  with  the  prostate  motion  >  0.74cm,  the  situation  was  worse, 

275  underdosing  the  prostate  in  72%  of  the  fractions.  To  our  surprise,  the  PLN  would  receive 

276  adequate  dose  in  nearly  all  fractions  (98%)  independent  of  the  image  alignment  focus. 

277  One  possible  explanation  to  this  result  is  that  the  conformity  of  the  iso-dose  line  to  the 

278  PLN  is  not  as  high  as  that  to  the  prostate.  Similarly,  the  MLC  shift  method  also  achieved 

279  good  dose  coverage  to  the  PLN. 

280 
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281  In  the  era  of  imaging  guidance,  the  planning  margins  of  8mm/6mm  posterior  for  the 

282  prostate  appear  generous.  A  separate  study  is  ongoing  to  further  investigate  potential  the 

283  planning  margins  reduction  if  ART  or  MLC  tracking  is  applied.  Another  limitation  of  the 

284  study  is  that  the  number  of  patients  is  small  due  to  the  limited  longitudinal  field  of  view 

285  of  the  available  CBCTs  and  due  to  the  retrospective  nature  of  the  study.  Future  study  is 

286  needed  to  confirm  our  findings  with  more  number  of  patients  and  to  investigate  whether 

287  directly  using  a  diagnostic  quality  CT  as  the  verification  CT  can  overcome  the  observed 

288  limitation  of  using  CBCT  for  dose  verification. 

289 

290 

291  Conclusion 

292  We  have  demonstrated  that  for  the  concurrent  treatment  of  the  prostate  and  PLN  aligning 

293  to  the  prostate  soft  tissue  on  daily  KV-CBCT  is  an  effective  strategy  with  our  clinical 

294  planning  margins;  aligning  to  the  pelvic  bone  would  result  in  underdosing  to  the  prostate 

295  in  1/3  of  fractions.  Whether  MLC  tracking  method  or  ART  can  reduce  the  planning 

296  margins  requires  further  investigation. 
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347  Captions 

348  Figure  1:  Detailed  Isodose  distributions  for  the  prostate  and  PLN  from  the  original 

349  IMRT  plan,  iso-shift  contour,  iso-shift  bone,  MLC-shifting  plan,  and  ART  plans  in  the 

350  axial,  sagittal,  coronal  view.  The  solid  red  with  the  red  line  is  the  contour  of  the  prostate. 

351  The  solid  pink  with  the  pink  line  is  the  contour  of  the  pelvic  lymph  nodes.  The  yellow 

352  line  is  the  contour  of  the  bladder.  The  brown  line  is  the  contour  of  the  rectum.  The  blue 

353  line  if  the  iso-dose  line  of  50  Gy,  and  the  green  line  is  the  iso-dose  line  of  45  Gy. 

354 

355  Figure  2:  Dose  volume  histograms  for  the  prostate,  PLN,  bladder,  and  rectum  for  a 

356  selected  original  IMRT  plan,  iso-shift  contour,  iso-shift  bone,  MLC-shift,  and  ART 

357  plans. 

358 

359  Figure  3:  (a)  D5  of  the  bladder,  (b)  D5  of  the  rectum.  Both  calculated  based  on  daily 

360  KV-CBCT  for  the  iso-shift  contour,  iso-shift  bone,  and  MLC-shift  methods  and 

361  normalized  to  the  corresponding  original  IMRT  dose. 

362 

363  Figure  4:  (a)  D5  of  the  bladder,  (b)  D5  of  the  rectum.  Both  calculated  based  on  daily 

364  KV-CBCT  for  the  iso-shift  contour,  and  iso-shift  bone,  MLC-shift  methods  and 

365  normalized  to  the  corresponding  ART  dose. 

366 

367  Figure  5:  (a)  D99  of  the  prostate,  (b)  D99  of  the  PLN.  Both  normalized  to  the 

368  corresponding  original  IMRT  dose,  versus  the  magnitude  of  the  prostate  displacement 

369  for,  the  iso-shift  contour,  iso-shift  bone,  and  MLC-shift  methods. 
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Table  1:  Percentage  of  124  fractions  have  D99  of  the  prostate  and  PLN  greater  than  97% 
of  the  prescription  dose,  97%  of  the  original  planned  D99,  or  97%  of  ART  planned  D99 
in  iso-shift  (contour  and  pelvic  bones),  MLC-shift,  and  ART  plans. 


Iso-shift-contour  method 
(%) 

Iso-shift-bone  method 

(%) 

MLC-shift  method 
(%) 

Adaptive  planning 
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The  D5of  the  bladder  normalized  to  the  re-planned  dose 
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Planning  Margins  Validation  for  Concurrent  Treatment  of  Prostate  and  Pelvic  Lymph 
Nodes  under  Daily  Image  Guided  Delivery 

Samah  Ferjani,  Kevin  L.  Stephans,  Rahul  Tendulkar,  and  Ping  Xia 
Department  of  Radiation  Oncology,  Cleveland  Clinic,  Cleveland,  OH  44195 


Purpose:  To  validate  prostate  planning  margins  for  concurrent  treatment  of  the  prostate  and 
pelvic  lymph  nodes  (PLN)  under  daily  kilo-voltage  cone  beam  (KV-CBCT)  imaging  guidance 
while  applying  MLC  and  iso-center  shifting  methods  to  compensate  for  inter-fractional  prostate 
motion. 

Methods  and  Materials:  Ninety-four  daily  KV-CBCTs  from  five  patients,  who  received  IMRT 
treatment  with  a  clinical  planning  margin  to  the  prostate  of  8mm/6mm  posterior  (M(8,6)),and 
5mm  to  the  PLN,  were  selected.  Three  additional  IMRT  plans  were  created  for  each  patient  with 
the  prostate  planning  margins  of  6mm/4mm  posterior  (M(6,4)),  4mm/2mm  posterior  (M(4,2)) 
and  2mm  uniform  margin  (M(2,2)).  The  PLN  planning  margin  remained  5mm.  Subsequently, 
each  plan  was  applied  to  the  daily  KV-CBCT  using  MLC  and  iso-center  shifting  methods.  Daily 
D95  of  the  prostate  and  D95  of  the  PLN,  and  D5  of  the  rectum  and  D5  of  the  bladder  were 
evaluated  for  adequate  planning  margins. 

Results:  For  both  the  MLC  and  iso-center  shifting  methods,  D95  of  the  prostate  was  >  97%  of 
the  prescription  dose  in  97.8%  (100%),  98.9%  (97.9%),  95.8%  (97.9%),  and  93.7%(96.8%)  of  94 
fractions,  for  M(8,6),  M(6,4),  M(4,2),  and  M(2,2)  respectively.  Accordingly,  D95  of  the  PLN 
was  >  97%  of  the  prescription  dose  in  98.9%(100%),  100%(98.9%),  98.9%(98.9%),  and 
100%(98.9%),  for  M(8,6),  M(6,4),  M(4,2),  and  M(2,2)  respectively.  For  the  rectum,  D5 
exceeded  105%  of  the  original  IMRT  D5  for  the  MLC-shift  (and  iso-center  shift)  plans  in  16% 
(14.9%),  14.9%  (16.4%),  5.4%  (12.2%)  and  4.3%  (12.2%)  for  these  four  planning  margins 
respectively.  For  the  bladder,  D5  exceeded  105%  of  the  original  IMRT  D5  for  the  MLC-shift 
(and  iso-center  shift)  plans  in  0%  (1.1%),  6.4%  (3.2%),  13.9%  (4.3%),  and  8.6%  (4.3%), 
respectively. 

Conclusion:  With  5  mm  planning  margin  to  the  PLN,  both  MLC  tracking  and  iso-center  shifting 
method  can  reduce  the  prostate  planning  margin  to  4mm/2mm  posterior  while  achieving 
adequate  targets  coverage. 
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Association  of  Physicists  in  Medicine  at  Charlotte,  NC,  July  29- Aug  2,  2012. 


Using  Shifting  Planned  Dose  Matrix  to  Evaluate  Daily  Dose  Changes  For  IMRT  Prostate 
Treatment 

S.  Ferjami,  G  Huang,  Q.  Shang,  and  P.  Xia 

Purpose:  Summation  of  the  daily  DVH  from  the  KV-cone  beam  CT  (KV-CBCT)  to  obtain  a 
composite  dose  volume  histogram  (DVH)  is  challenge.  Directly  translating  the  planned  dose 
matrix  according  to  the  measured  daily  prostate  displacements  provided  a  common  reference 
frame  for  a  composite  DVH  from  daily  DVHs.  The  purpose  of  this  study  is  to  evaluate  the 
shifting  planned  dose  matrix  method  when  compared  to  the  dose  recalculation  method  using 
daily  KV-CBCT. 

Methods  and  Materials:  Six  patients,  who  received  concurrent  IMRT  treatment  for  the  prostate 
and  pelvic  lymph  nodes  with  124  daily  CBCTs,  were  selected  for  this  study.  Contours  for  each 
CBCT  were  transferred  from  the  planning  CT  after  soft  tissue  registration  for  the  prostate  and 
after  bony  registration  for  the  pelvic  lymph  nodes.  Using  the  same  planning  beam 
configurations,  we  re-calculated  doses  for  these  CBCTs  after  shifting  to  the  corrected  treatment 
isocenters.  The  planned  dose  matrix  translation  was  performed  by  an  in  house  program  written 
in  MATLAB  and  incorporated  with  the  Computational  Environment  for  Radiotherapy  Research 
(CERR)  software.  The  corresponding  daily  DVH  was  obtained  by  shifting  the  planned  dose 
matrix  according  to  the  shifts  of  the  treatment  iso-center.  To  compare  these  two  methods, 
selected  endpoint  doses  for  the  tumor  targets  and  sensitive  structures  were  extracted  from  these 
DVHs. 

Results:  For  the  prostate  displacement  less  then  1.5  cm,  the  dose  matrix  shifting  method  resulted 
in  93%  and  98%  fractions  within  5%  differences  from  the  recalculation  method  for  D95  of  the 
prostate  and  pelvic  lymph  nodes,  respectively.  These  numbers,  however,  reduced  to  58%  and 
71%  when  2%  dose  difference  criterion  was  used. 

Conclusion:  Allowing  5%  daily  dose  difference,  shifting  planned  dose  matrix  provides  an 
effective  means  to  evaluate  daily  dose  changes  for  concurrent  IMRT  treatment  for  the  prostate 
and  pelvic  lymph  nodes.  The  utility  of  this  tool  is  to  provide  a  common  coordinate  frame  to 
obtain  a  composite  dose  distribution. 


Appendix  J:  Accept  by  The  Annual  Meeting  of  American  Association  of  Physicists  in 
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Sensitivity  of  MatriXX  2D  Array  in  Detection  of  MLC  Leaf  Positioning  Errors 

Qingyang  Shang  and  Ping  Xia 


Purpose:  MLC  leaf  positioning  errors  significantly  impact  the  accuracy  of  IMRT  delivery.  The 
aim  of  this  study  was  to  investigate  the  detection  sensitivity  of  a  commercial  MatriXX  2D  ion 
chamber  array  for  MLC  leaf  positioning  errors 

Methods:  Systematic  MLC  leaf  positioning  errors  (±1,  ±2,  ±3  mm)  were  purposely  introduced  on 
the  one  side  of  leaf  bank  in  a  square  field  (10  X  10  cm2)  and  a  clinical  IMRT  prostate  plan  with  5 
fields  (0°,  50°,  100°,  260°,  310°),  using  a  clinical  treatment  planning  system  (TPS).  To  test  the 
effect  of  the  detector  resolution  (7.62  mm),  the  center  of  the  square  field  was  shifted  to  different 
locations  at  1  mm  intervals  in  relationship  to  the  detector  positions.  Both  treatment  plans,  with 
and  without  leaf  positioning  errors,  were  delivered  and  measured  with  a  commercial  MatriXX 
device.  To  eliminate  potential  beam  modeling  errors  from  the  TPS,  the  Gamma  index  of  each 
measured  field  was  directly  calculated  between  planar  doses  with  and  without  errors. 

Results:  For  the  square  field,  the  Gamma  indices  of  3%/3mm  were  99.8%  and  98.8%  for  1  mm 
and  2  mm  leaf  positioning  errors,  respectively;  the  Gamma  indices  of  2%/2mm  were  98.8%  and 
97.5%  for  1mm  and  2  mm  errors,  respectively.  The  Gamma  index  was  independent  of  the  error 
positions  relative  to  the  detector  positions.  For  the  clinical  prostate  treatment  plan,  the  average 
Gamma  indices  of  3%/3mm  for  5  fields  were  100%,  99.8%,  and  98.6%  for  1  mm,  2  mm,  and  3 
mm  errors,  respectively;  the  average  Gamma  indices  of  2%/2mm  were  99.8%,  98.3%,  and  96.6% 
for  1  mm,  2  mm,  and  3  mm  errors,  respectively. 

Conclusion:  With  the  Gamma  index  of  3%/3mm  having  a  passing  rate  of  99%,  the  MatriXX  2D 
array  can  detect  2  mm  leaf  positioning  errors  for  a  single  square  field,  and  3  mm  errors  for 
multiple  segment  fields. 
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Effect  of  MLC  leaf  width  on  treatment  adaptation  and  accuracy 
for  concurrent  irradiation  of  prostate  and  pelvic  lymph  nodes 

Qingyang  Shang,  Peng  Qi,  Samah  Ferjani,  and  Ping  Xiaa) 

Department  of  Radiation  Oncology,  Cleveland  Clinic,  Cleveland,  Ohio  44195 

(Received  21  February  2013;  revised  26  March  2013;  accepted  for  publication  15  April  2013; 
published  6  May  2013) 

Purpose:  The  aim  of  the  study  was  to  evaluate  the  impact  of  multileaf  collimator  (MLC)  leaf  width 
on  treatment  adaptation  and  delivery  accuracy  for  concurrent  treatment  of  the  prostate  and  pelvic 
lymph  nodes  with  intensity  modulated  radiation  therapy  (IMRT). 

Methods:  Seventy-five  kilovoltage  cone  beam  CTs  (KV-CBCT)  from  six  patients  were  included  for 
this  retrospective  study.  For  each  patient,  three  different  IMRT  plans  were  created  based  on  a  plan¬ 
ning  CT  using  three  different  MLC  leaf  widths  of  2.5,  5,  and  10  mm,  respectively.  For  each  CBCT, 
the  prostate  displacement  was  determined  by  a  dual  image  registration.  Adaptive  plans  were  created 
by  shifting  selected  MLC  leaf  pairs  to  compensate  for  daily  prostate  movements.  To  evaluate  the 
impact  of  MLC  leaf  width  on  the  adaptive  plan  for  each  daily  CBCT,  three  MLC  shifted  plans  were 
created  using  three  different  leaf  widths  of  MLCs  (a  total  of  225  adaptive  treatment  plans).  Selective 
dosimetric  endpoints  for  the  tumor  volumes  and  organs  at  risk  (OARs)  were  evaluated  for  these  adap¬ 
tive  plans.  Using  the  planning  CT  from  a  selected  patient,  MLC  shifted  plans  for  three  hypothetical 
longitudinal  shifts  of  2,  4,  and  8  mm  were  delivered  on  the  three  linear  accelerators  to  test  the  deliv- 
erability  of  the  shifted  plans  and  to  compare  the  dose  accuracy  of  the  shifted  plans  with  the  original 
IMRT  plans. 

Results:  Adaptive  plans  from  2.5  and  5  mm  MLCs  had  inadequate  dose  coverage  to  the  prostate  (D99 
<  97%,  or  Anean  <  99%  of  the  planned  dose)  in  6%-8%  of  the  fractions,  while  adaptive  plans  from 
10  mm  MLC  led  to  inadequate  dose  coverage  to  the  prostate  in  25.3%  of  the  fractions.  The  average 
V56Gy  of  the  prostate  over  the  six  patients  was  improved  by  6.4%  (1.6%-32.7%)  and  5.8%  (1.5%- 
35.7%)  with  adaptive  plans  from  2.5  and  5  mm  MLCs,  respectively,  when  compared  with  adaptive 
plans  from  10  mm  MLC.  Pelvic  lymph  nodes  were  well  covered  for  all  MLC  adaptive  plans,  as  small 
differences  were  observed  for  D99,  Anean*  and  V5o.4Gy  Similar  OAR  sparing  could  be  achieved  for 
the  bladder  and  rectum  with  all  three  MLCs  for  treatment  adaptation.  The  MLC  shifted  plans  can 
be  accurately  delivered  on  all  three  linear  accelerators  with  accuracy  similar  to  their  original  IMRT 
plans,  where  gamma  (3%/3  mm)  passing  rates  were  99.6%,  93.0%,  and  92.1%  for  2.5,  5,  and  10  mm 
MLCs,  respectively.  The  percentages  of  pixels  with  dose  differences  between  the  measurement  and 
calculation  being  less  than  3%  of  the  maximum  dose  were  85.9%,  82.5%,  and  70.5%  for  the  original 
IMRT  plans  from  the  three  MLCs,  respectively. 

Conclusions:  Dosimetric  advantages  associated  with  smaller  MLC  leaves  were  observed  in  terms 
of  the  coverage  to  the  prostate,  when  the  treatment  was  adapted  to  account  for  daily  prostate  move¬ 
ment  for  concurrent  irradiation  of  the  prostate  and  pelvic  lymph  nodes.  The  benefit  of  switching 
the  MLC  from  10  to  5  mm  was  significant  ( p  0.01);  however,  switching  the  MLC  from  5  to 
2.5  mm  would  not  gain  significant  ( p  =  0.15)  improvement.  IMRT  plans  with  smaller  MLC  leaf 
widths  achieved  more  accurate  dose  delivery.  ©  2013  American  Association  of  Physicists  in  Medicine. 
[http://dx.doi.org/10.1118/L4803499] 

Key  words:  multileaf  collimator  (MLC),  leaf  width,  treatment  adaptation,  IMRT,  prostate 


I.  INTRODUCTION 

The  introduction  of  the  multileaf  collimator  (MLC)  has 
streamlined  the  radiotherapy  process  and  enabled  intensity 
modulated  radiation  to  be  the  mainstay  of  radiotherapy.  Sev¬ 
eral  studies  on  the  dosimetric  impact  of  the  MLC  leaf  width 
have  been  conducted  and  have  confirmed  the  advantage  of 
the  smaller  leaf  width  in  terms  of  plan  conformity  and  or¬ 
gan  at  risk  (OAR)  sparing.1-10  Based  on  the  sampling  the¬ 
ory,  Bordfeld  et  al.n  predicted  that  the  optimal  leaf  width, 
which  equals  to  the  optimal  dose  sampling  distance,  is  ap¬ 


proximately  the  beam  penumbra  (20%-80%)  divided  by  1.7. 
For  a  10  MV  photon  beam  from  a  Varian  linear  accelerator, 
the  beam  penumbra  for  field  sizes  of  5  x  5  to  20  x  20  cm2 
at  10  cm  depth  varies  from  7  to  9  mm.  For  concurrent  treat¬ 
ment  of  the  prostate  and  pelvic  lymph  nodes  (PLN),  for  which 
10  MV  photon  beams  are  often  used  in  our  institution,  the 
predicted  optimal  MLC  leaf  width  is  about  4-5.5  mm.  This 
theoretical  prediction  is  generated  from  a  physical  point  of 
view  without  considering  specific  clinical  applications.  Many 
planning  studies  have  compared  different  MLC  leaf  widths 
for  specific  cancer  sites.  Particularly,  for  prostate  cancer 
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treatment,  Kubo  et  al.1  reported  the  use  of  1.7-3  mm  MLCs 
could  achieve  better  protection  of  the  bladder  and  rectum  than 
the  use  of  10  mm  MLC  for  prostate-only  treatment.  Abe  et  al.6 
observed  improvement  in  plan  conformity  and  reduction  in 
the  rectal  dose  of  3  over  5  mm  MLC  for  intraprostatic  dose 
painting  plans.  However,  the  differences  between  these  two 
leaf  widths  were  relatively  small.  Kesteren  et  al .8  conducted 
a  Pareto  front  comparison  between  5  and  10  mm  MLCs  for 
VMAT  treatment  planning.  They  found  using  5  mm  MLC  pro¬ 
vided  better  conformity  index,  dose  homogeneity,  and  OAR 
sparing.  Wang  et  al.9  compared  the  dosimetric  impact  of  MLC 
leaf  width  of  4  mm  (mMLC)  and  10  mm  for  stereotactic 
IMRT  of  prostate  treatment,  and  demonstrated  that  both  the 
bladder  and  rectum  had  consistent  reductions  in  all  dose  in¬ 
dices  for  mMLC,  and  the  target  dose  inhomogeneity  was  im¬ 
proved  in  the  mMLC  plans  as  well.  Wu10  studied  the  effect 
of  5  and  10  mm  MLCs  on  prostate  treatment  planning.  They 
showed  that  narrower  leaves  had  a  slight  improvement  in  the 
TCP  and  NTCP,  and  gave  slightly  better  sparing  of  OARs. 

Under  image-guidance,  treatment  adaptation  has  been  fre¬ 
quently  applied.  However,  the  impact  of  MLC  leaf  width 
on  treatment  adaptation  has  not  been  extensively  studied. 
For  prostate-only  treatment,  a  classical  strategy  for  treatment 
adaptation  is  to  shift  the  treatment  isocenter  to  follow  the 
prostate  movement.  For  concurrent  treatment  of  the  prostate 
and  pelvic  lymph  nodes,  with  the  strategy  of  shifting  the 
isocenter,  a  large  planning  margin  on  one  of  the  targets  may 
be  required,  depending  on  how  daily  images  are  aligned.  Our 
group  previously  proposed  an  adaptive  algorithm  of  shifting 
MLC  leaves  to  cope  with  the  independent  movement  of  the 
two  targets  and  to  avoid  increasing  planning  margin  for  either 
target.12,13  This  method  adapted  MLC  portals  to  compensate 
for  daily  prostate  movement  while  maintaining  the  dose  to 
pelvic  lymph  nodes.  For  prostate  movement  in  the  longitudi¬ 
nal  direction,  the  accuracy  of  the  compensation  was  limited  by 
the  width  of  the  MLC  leaf,  and  over-  or  undercompensation 
for  the  prostate  movement  may  be  resulted  depending  on  the 
magnitude  of  the  movement  and  the  leaf  width  of  the  MLC. 
It  was  the  motivation  of  this  study  to  investigate  how  differ¬ 
ent  leaf  widths  can  affect  the  over-  or  undercompensation.  In¬ 
tuitively,  finer  MLC  leaf  width  can  achieve  better  accuracy 
for  the  compensation.  However,  the  clinical  relevance  of  the 
dosimetric  differences  between  different  MLCs  is  not  clear. 
Moreover,  to  the  best  of  our  knowledge,  no  study  has  been 
published  thus  far  that  assesses  the  impact  of  MLC  leaf  width 
on  delivery  accuracy  of  the  treatment  plan,  especially  for  con¬ 
current  treatment  of  the  prostate  and  pelvic  lymph  nodes.  The 
aim  of  this  study  was  to  evaluate  the  relative  significance  of 
MLC  leaf  width  for  treatment  adaptation  and  delivery  accu¬ 
racy  for  concurrent  treatment  of  the  prostate  and  pelvic  lymph 
nodes  with  daily  acquired  verification  images. 

II.  MATERIALS  AND  METHODS 

II.A.  Patient  selection  and  treatment  planning 

Six  patients,  who  received  concurrent  treatment  of  prostate 
and  pelvic  lymph  nodes,  were  selected  for  this  retrospective 


Table  I.  Characteristics  of  three  MLCs  used  in  this  study. 


Novalis  TX 

Artiste 

Synergy 

Leaf  width  (mm) 

2.5(central  32  pairs) 
and  5 (outer  28  pairs) 

5 

10 

Number  of  leaf  pairs 

60 

80 

40 

Maximum  field  size  (cm2) 

40  x  22 

40  x  40 

40  x  40 

study.  For  daily  image  guidance,  each  patient  had  kilovolt- 
age  cone  beam  CTs  (KV-CBCT).  Ten  to  fifteen  CBCT  im¬ 
ages  were  randomly  selected  for  each  patient,  and  a  total  of  75 
daily  verification  images  were  included.  On  each  daily  CBCT, 
the  prostate,  bladder,  and  rectum  were  manually  contoured  by 
a  physician.  The  pelvic  lymph  nodes  were  only  contoured  on 
the  planning  CT,  and  were  then  transferred  to  the  daily  CBCT 
after  rigid  bony  registration,  since  the  nodal  volumes  were 
relatively  stable  in  relation  to  the  pelvic  bones. 

Three  MLC  leaf  widths  were  evaluated  in  this  study,  in¬ 
cluding  2.5,  5,  and  10  mm  from  the  linear  accelerators  of  No- 
valis  TX  (Varian),  Artiste  (Siemens),  and  Synergy  (Elekta) 
available  at  our  institution.  The  characteristics  of  each  MLC 
are  summarized  in  Table  I.  In  particular,  the  Novalis  TX  lin¬ 
ear  accelerator  has  32  pairs  of  leaf  with  2.5  mm  leaf  width 
in  the  central  8  cm  of  field,  and  14  pairs  of  leaf  with  5  mm 
width  on  the  outer  7  cm  of  field  on  each  side.  In  this  work, 
the  treatment  plan  isocenter  was  adjusted  so  that  the  prostate 
volume  was  placed  within  the  central  portion  of  the  field  for 
the  Novalis  TX  machine.  The  leaf  pairs  used  to  conform  to 
the  prostate  volume  were  from  the  central  2.5  mm  leaves, 
and  the  resultant  variations  in  dose  distributions  were  solely 
due  to  the  effect  of  the  2.5  mm  leaf  width. 

Three  IMRT  treatment  plans  with  the  same  beam  arrange¬ 
ments  and  planning  parameters,  but  having  different  MLC 
leaf  widths,  were  generated  for  each  patient.  The  IMRT  plans 
were  created  with  the  Pinnacle  treatment  planning  system 
(Pinnacle  9.0,  Philips  Radiation  Oncology  System,  Madison, 
WI),  using  a  step- and- shoot  method  and  a  typical  seven-beam 
arrangement  with  the  collimator  angle  setting  at  0°.  The  plan¬ 
ning  margins  for  these  patients  were  6  mm  posterior  and 
8  mm  elsewhere.  The  beam  energy  was  10  MV  for  the  Syn¬ 
ergy  and  Novalis  TX  machines,  and  was  15  MV  for  the  Artiste 
machine.  The  patients  were  prescribed  to  2  Gy  per  fraction  to 
the  prostate  and  1.8  Gy  per  fraction  to  pelvic  lymph  nodes 
for  28  fractions  (a  total  dose  of  56  Gy  to  the  prostate  and 
50.4  Gy  to  the  nodal  volumes)  for  the  first  phase  of  treatment 
followed  by  a  boost  treatment  for  the  prostate  only.  To  inves¬ 
tigate  the  MLC  width  effect  on  the  method  which  was  de¬ 
signed  for  treating  two  targets  with  independent  movements, 
our  study  was  focused  on  the  initial  IMRT  plan. 

Since  the  Hounsfield  Units  (HU)  in  CBCT  are  inaccurate 
and  unreliable  for  dose  calculation,  the  electron  density  of 
the  CBCT  was  overridden  with  1  g/cm3  for  voxels  inside  the 
patient  external  body  contour  and  0  (air)  for  voxels  outside 
the  external  contour.  To  eliminate  dose  variations  originating 
from  inhomogeneity,  the  electron  density  of  the  planning  CT 
was  also  overridden  with  1  g/cm3  within  the  external  contour. 


Medical  Physics,  Vol.  40,  No.  6,  June  2013 


061701-3  Shang  et  al.:  MLC  width  on  treatment  adaptation  and  accuracy 


061701-3 


II. B.  Image  registration 

A  dual  image  registration  was  used  to  obtain  daily  prostate 
shift  relative  to  the  pelvic  bones.  Each  daily  CBCT  was  regis¬ 
tered  to  the  planning  CT  by  using:  (a)  bony  registration,  which 
aligned  the  pelvic  bones  in  both  images  and  (b)  contour  reg¬ 
istration,  which  aligned  the  prostate  contours  in  both  images. 
By  subtracting  the  shifts  from  bony  registration,  patient  po¬ 
sitioning  setup  errors  were  removed,  and  the  prostate  shifts 
relative  to  the  pelvic  bones  were  determined.  The  dual  image 
registration  was  performed  in  the  same  treatment  planning 
system  (Pinnacle  9.0)  with  translational  shifts  only,  reflect¬ 
ing  a  common  clinical  practice  of  correcting  only  translational 
errors. 

II.C.  Treatment  adaptation  by  shifting  MLC 

The  treatment  adaptation  was  accomplished  based  on  a 
MLC  leaf  shifting  algorithm  proposed  by  Ludlum  et  al.12 
The  algorithm  adjusted  the  IMRT  portals  by  shifting  se¬ 
lected  MLC  leaf  pairs  to  compensate  for  daily  prostate  move¬ 
ment,  while  maintaining  the  dose  to  pelvic  lymph  nodes. 
When  the  prostate  movements  were  in  the  lateral  and/or  ante¬ 
rior/posterior  directions,  the  shifts  of  the  MLC  leaf  pairs  de¬ 
pended  only  on  the  prostate  movement  projected  in  the  plane 
perpendicular  to  the  beam  angle;  when  the  prostate  movement 
was  in  the  superior/inferior  direction,  both  the  magnitude  of 
the  movement  and  the  MLC  leaf  width  affected  the  change 
of  the  portals.  Depending  on  the  leaf  width  of  the  MLC, 
the  smallest  prostate  movement  that  could  be  precisely  com¬ 
pensated  by  the  MLC  shifting  method  was  the  width  of  the 
MLC. 

To  investigate  the  effect  of  the  MLC  leaf  width  in  com¬ 
pensating  for  the  prostate  movement  in  the  longitudinal  di¬ 
rection,  a  specific  MLC  shifted  plan  was  created  for  each  of 
the  three  MLCs  for  each  daily  CBCT  (a  total  of  225  treatment 
plans).  The  original  plan  information,  including  beam  con¬ 
figurations,  MLC  leaf  positions,  jaw  positions,  beam  isocen¬ 
ter,  contours  of  region  of  interest,  etc.,  was  exported  from 
the  treatment  planning  system  and  loaded  into  an  in-house 
program.  The  program  automatically  identified  the  MLC  leaf 
pairs  encompassing  the  prostate  and  adapted  their  positions 
for  each  IMRT  segment  based  on  the  daily  prostate  shift  in 
three  directions.  Meanwhile,  the  positions  of  the  MLC  leaf 
pairs  that  expose  radiation  to  pelvic  lymph  nodes  were  un¬ 
changed.  The  shifted  MLC  plan  was  then  input  back  to  the 
treatment  planning  system  for  dose  calculation  and  dose  vol¬ 
ume  histogram  (DVH)  analysis. 

To  quantify  the  MLC  leaf  width  effect,  selective  dosimet¬ 
ric  endpoints  for  the  tumor  volumes  and  OARs  were  evalu¬ 
ated  for  each  patient.  These  endpoints  included  the  dose  to 
99%  (D99)  of  the  prostate  and  pelvic  lymph  nodes,  the  mean 
dose,  Anean,  of  the  prostate  and  PLN,  volume  of  the  targets 
that  receive  the  prescription  dose  (Vs6Gy  for  the  prostate  and 
V50.4Gy  for  PLN).  Lor  OARs,  the  dose  received  by  5%  of  the 
rectum  (D5)  and  bladder  (D5)  and  the  mean  dose  to  these 
OARs  Anean  were  calculated  from  the  DVHs  of  the  regions 
of  interest. 


II.  D.  Plan  delivery  accuracy  assessment  (experiment) 

Since  the  positions  of  the  MLC  leaf  pairs  were  adjusted 
outside  the  treatment  planning  system  or  treatment  console, 
the  deliverability  of  the  MLC  shifted  plan  needed  to  be  tested 
on  the  specific  linear  accelerators.  MLC  shifted  plans  that 
compensated  for  hypothetical  prostate  movements  of  2,  4,  and 
8  mm  in  the  longitudinal  direction  were  created  for  each  MLC 
leaf  width  using  the  in-house  program.  Because  the  magni¬ 
tudes  of  the  prostate  movements  were  not  necessary  to  be  a 
multiple  of  the  MLC  leaf  width,  approximations  were  made 
to  shift  the  MLC  shapes  by  the  nearest  number  of  leaf  widths. 
Lor  example,  for  prostate  movement  of  2  mm  in  the  longitudi¬ 
nal  direction,  only  shifting  one  pair  of  MLC  leaf  with  2.5  mm 
leaf  width  (referred  to  as  2.5  mm  MLC)  could  compensate  the 
prostate  motion.  No  shifting  plans  were  generated  for  5  and 
10  mm  MLC.  Therefore,  compensating  for  prostate  move¬ 
ments  of  2,  4,  and  8  mm  in  the  longitudinal  direction  resulted 
in  three  different  MLC  shifted  plans  using  2.5  mm  MLC,  two 
different  shifted  plans  using  5  mm  MLC,  and  one  shifted  plan 
using  10  mm  MLC.  This  approximation  may  result  in  over- 
or  undercompensation  for  the  shifted  plans.  To  evaluate  the 
effect  of  MLC  leaf  width  on  delivery  accuracy  of  the  shifted 
plans,  we  also  conducted  measurements  using  the  MatriXX 
2D  array  device  (IBA  Dosimetry  GmbH,  Schwarzenbruck, 
Germany).  The  measured  planar  doses  were  compared  to  the 
calculated  planar  doses  by  using  the  gamma  index  and  abso¬ 
lute  dose  difference. 

III.  RESULTS 

III.A.  Dosimetric  evaluation 

III. A.  1.  Prostate  shifts  in  the  longitudinal  direction 

Daily  prostate  shifts  in  the  longitudinal  direction  obtained 
from  the  dual  image  registration  for  all  75  fractions  are  shown 
in  Lig.  1(a).  The  average  of  the  absolute  magnitudes  is  3.2 
zb  2.0  mm,  ranging  from  7.5  mm  inferiorly  to  8  mm  superi¬ 
orly.  Ligure  1(b)  shows  the  means  and  standard  deviations  of 
patient  specific  shifts  in  the  longitudinal  direction. 

III.A.2.  Target  coverage 

All  dosimetric  endpoints  of  the  shifted  plans  were  normal¬ 
ized  to  the  planned  values  of  the  initial  IMRT  plan  for  each 
MLC,  so  the  variations  of  the  original  plan  quality  due  to  the 
use  of  different  MLCs  were  removed.  The  differences  in  the 
dosimetric  endpoints  were  primarily  from  the  leaf  width  ef¬ 
fect  of  the  MLC  shifted  plans.  The  treatment  adaptation  was 
based  on  the  actual  prostate  shifts  in  three  directions. 

Ligure  2  shows  D99  of  the  prostate  and  pelvic  lymph  nodes 
(CTVs  not  PTVs)  of  the  shifted  plans  using  three  MLCs  when 
normalized  to  the  planned  D99  of  the  initial  IMRT  plans. 
Specifically,  we  found  that  D99  of  the  prostate  is  less  than 
97%  of  the  planned  D99  in  5  out  of  75  fractions  (6.7%)  for 
2.5  mm  MLC  shifted  plans,  6  out  of  75  fractions  (8%)  for 
5  mm  MLC  shifted  plans,  and  19  out  of  75  fractions 
(25.3%)  for  10  mm  MLC  shifted  plans.  The  differences  in  the 
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Fig.  1 .  Prostate  shifts  in  the  longitudinal  direction,  (a)  Daily  prostate  shifts 
for  all  fractions,  (b)  The  means  and  standard  deviations  of  patient  specific 
shifts.  Positive  and  negative  shifts  correspond  to  the  prostate  shifts  in  the 
inferior  and  superior  directions,  respectively. 


number  of  fractions  in  which  D99  is  less  than  97%  of  the 
planned  D99  were  significant  ( p  0.01)  between  5  and 

10  mm  MLC  shifted  plans,  but  insignificant  ( p  =  0.15)  be¬ 
tween  2.5  and  5  mm  MLC  shifted  plans.  For  pelvic  lymph 
nodes,  all  shifted  plans  using  2.5  and  5  mm  MLCs  received 
D99  of  the  PLN  greater  than  97%  of  the  planned  D99  of  PLN, 
while  7 1  fractions  (94.7%)  of  shifted  plans  using  10  mm  MLC 
met  this  criterion.  The  quantitative  analysis  of  D99  and  Dmean 
of  the  prostate  and  pelvic  lymph  nodes  for  the  three  MLC  leaf 
widths  is  summarized  in  Table  II. 

Figure  3  shows  the  average  volumes  of  the  prostate  and 
pelvic  lymph  nodes  receiving  the  prescription  dose  for  each 
patient.  The  index  is  V56Gy  for  the  prostate  and  V5o.4Gy  for 
PLN,  both  normalized  to  the  planned  volumes.  It  was  ob¬ 
served  that  both  2.5  and  5  mm  MLC  shifted  plans  had  an  aver- 


o 

o 

V 


(a) 


8  °" 

Q 

”  0.97 

O 


(b) 


A  A 


♦  2.5mm-MLC 


30  45 

Fraction  Index 


97% 


Fig.  2.  Daily  D99  of  (a)  the  prostate  and  (b)  pelvic  lymph  nodes.  D99  is 
expressed  as  a  ratio  of  the  daily  dose  to  the  planned  dose. 


age  V56Gy  of  the  prostate  greater  than  93%  of  the  planned  vol¬ 
umes  for  all  patients,  while  for  patient  4  and  patient  6,  10  mm 
MLC  shifted  plans  had  significantly  (p  0.01)  lower  Vs^Gy 
(85.6%  and  62.2%,  respectively)  of  the  prostate  (Table  III). 
For  pelvic  lymph  nodes,  all  patients  had  an  average  Vso.4Gy 
greater  than  97%  of  the  planned  volumes  for  all  shifted  plans 
using  the  three  MLC  leaf  widths.  The  p- values  for  2.5  and 
10  mm  MLC  shifted  plans  were  0.27,  indicating  there  was  no 
significant  difference  for  lymph  nodes  coverage  between  the 
two.  Table  III  lists  the  mean  and  standard  deviation  of  V^Gy 
for  the  prostate  and  V5o.4Gy  for  PLN  for  each  patient.  The  over¬ 
all  means  of  Vs6Gy  for  the  prostate  were  98.6%,  98.0%,  and 
92.2%  for  2.5,  5,  and  10  mm  MLC  shifted  plans,  respectively. 
L56Gy  decreased  by  about  6%  when  the  MLC  was  switched 
from  5  to  10  mm. 

Figure  4  shows  a  typical  daily  DVH  of  the  prostate  and 
pelvic  lymph  nodes,  as  well  as  the  bladder  and  rectum  for 
the  three  MLCs.  The  DVH  curve  for  the  prostate  using 
5  mm  MLC  was  hidden  behind  the  curve  using  2.5  mm  MLC, 


Table  II.  The  dosimetric  comparison  of  D99  and  Dmean  of  the  prostate  and  pelvic  lymph  nodes  for  2.5,  5,  and  10  mm  MLC  shifted  plans. 


MLC  leaf  width  (mm) 

Prostate  CTV 

Pelvic  lymph  nodes  CTV 

D99  >  97%  of  the 
planned  dose  (%) 

Anean  >  99%  of  the 
planned  dose  (%) 

D99  >  97%  of  the 
planned  dose  (%) 

Anean  >  99%  of  the 
planned  dose  (%) 

2.5 

93.3 

94.7 

100 

94.7 

5 

92 

96 

100 

94.7 

10 

74.7 

74.7 

94.7 

94.7 
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Fig.  3.  Average  volume  of  (a)  the  prostate  and  (b)  pelvic  lymph  nodes  re¬ 
ceiving  the  prescription  dose  for  each  patient.  Error  bar  indicates  one  standard 
deviation. 


indicating  that  using  these  two  MLCs  resulted  in  very  similar 
prostate  dose  coverage. 

III. A. 3.  OAR  sparing 

Figure  5  shows  a  ratio  of  daily  D5  to  the  planned  D5  of 
the  bladder  and  rectum.  Using  105%  of  the  planned  D5  as  a 
threshold,  all  fractions  of  2.5  and  5  mm  MLC  shifted  plans 
were  within  this  threshold  for  D5  of  the  bladder  and  10  mm 
MLC  shifted  plans  had  14  fractions  (18.7%)  that  exceeded  the 
threshold.  After  a  close  examination  of  the  data,  we  found  that 
these  fractions  were  from  one  patient,  who  consistently  had 
smaller  bladder  volumes  (about  20%-30%  of  the  planned  vol¬ 
ume)  during  the  treatment  course.  For  this  patient,  the  drastic 


Pof2.5mm  PLN  of  2.5mm  B  of  2.5mm  Rof2.5mm 
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Fig.  4.  Typical  DVHs  of  the  targets  and  OARs  for  one  fraction  of  a  patient. 
P  for  prostate,  PLN  for  pelvic  lymph  nodes,  B  for  bladder,  and  R  for  rectum. 


changes  in  the  bladder  volume  induced  larger  and  more  fre¬ 
quent  longitudinal  shifts.  The  imperfect  compensation  in  this 
direction  due  to  the  finite  leaf  width  may  result  in  the  increase 
of  the  D5  of  the  bladder.  Furthermore,  the  smaller  daily  blad¬ 
der  volume  may  contribute  to  the  increase  of  the  daily  D5  of 
the  bladder.  For  D5  of  the  rectum,  93.3%  of  the  fractions  met 
the  105%  criterion  for  all  shifted  plans  using  the  three  MLCs. 

Figure  6  shows  for  each  patient  the  average  Dme an  of  the 
bladder  and  rectum,  which  are  comparable  for  all  shifted 
plans  using  the  three  MLCs. 


III.B.  Deliverability  and  accuracy 

For  three  hypothetical  shifts  of  2,  4,  and  8  mm  in  longitudi¬ 
nal  directions,  the  MLC  shifted  plans  and  the  original  IMRT 
plans  of  a  patient  were  delivered  on  the  three  linear  accel¬ 
erators  to  test  the  deliverability  of  the  shifted  plans  and  to 
compare  the  dose  accuracy  of  the  shifted  plans  with  the  orig¬ 
inal  IMRT  plans.  The  3%/3  mm  gamma  index  between  the 
measured  and  calculated  plans  is  shown  in  Table  IV.  It  was 
noted  that  each  shifted  plan  achieved  a  passing  rate  similar  to 
the  original  plan  although  the  shifted  plan  associated  with  the 
smallest  MLC  leaf  width  (2.5  mm)  had  the  highest  passing 


Table  III.  The  average  volumes  of  the  prostate  and  pelvic  lymph  nodes  receiving  the  prescription  dose  for  each  patient. 


L)6Gy  of  the  prostate 

V50.4Gy  of  pelvic  lymph  nodes 

Patient  no. 

2.5  mm  (%) 

5  mm  (%) 

10  mm  (%) 

2.5  mm  (%)  5  mm  (%)  10  mm  (%) 

1 

99.8 

± 

0.3 

99.8 

dr 

0.3 

105.8 

rt 

4.2 

100.0 

rt 

0.4 

99.4 

rt 

0.8 

100.0 

rt 

2.4 

2 

98.9 

± 

1.0 

96.5 

± 

2.3 

93.7 

dr 

4.0 

99.4 

dr 

0.7 

99.9 

dr 

0.1 

98.7 

dr 

1.7 

3 

99.3 

± 

0.8 

99.8 

± 

1.3 

96.5 

dr 

2.6 

100.0 

dr 

0.2 

100.0 

dr 

0.3 

100.0 

rt 

1.1 

4 

98.1 

± 

1.0 

93.6 

dr 

4.4 

85.6 

rt 

7.5 

99.6 

rt 

1.1 

99.6 

rt 

0.9 

97.5 

rt 

3.2 

5 

99.3 

± 

1.2 

99.2 

dr 

1.4 

97.7 

dr 

2.7 

100.0 

rt 

0.0 

100.5 

rt 

0.1 

100.9 

rt 

0.8 

6 

94.9 

± 

3.1 

97.9 

dr 

1.4 

62.2 

rt 

9.8 

98.5 

rt 

1.4 

99.5 

rt 

0.6 

97.2 

rt 

2.8 

Overall 

98.6 

± 

2.0 

98.0 

rt 

3.0 

92.2 

rt 

14.3 

99.6 

rt 

0.9 

99.8 

dr 

0.6 

99.1 

rt 

2.4 
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Fig.  5 .  Daily  D5  of  the  (a)  bladder  and  (b)  rectum.  D5  is  expressed  as  a  ratio 
of  the  daily  dose  to  the  planned  dose. 


Fig.  6.  Mean  dose  of  the  (a)  bladder  and  (b)  rectum  as  a  ratio  of  the  daily 
dose  to  the  planned  dose.  Error  bar  represents  one  standard  deviation. 


Table  IV.  Gamma  passing  rate  (3%/3  mm)  between  the  measured  and  cal¬ 
culated  plans  for  the  original  IMRT  plans  and  MLC  shifted  plans  correspond¬ 
ing  to  prostate  movements  of  2,  4,  and  8  mm  in  the  longitudinal  direction. 


Original  (%) 

2  mm  (%) 

4  mm  (%) 

8  mm  (%) 

2.5  mm  MLC 

99.6 

99.3 

99.3 

99.5 

5  mm  MLC 

93.0 

93.3 

92.8 

10  mm  MLC 

92.1 

92.6 

rate  while  the  shifted  plan  associated  with  the  largest  MLC 
leaf  width  (10  mm)  had  the  lowest  passing  rate. 

Figure  7  shows  the  isodose  line  differences  and  absolute 
dose  differences  between  the  measured  and  calculated  planar 
doses  for  the  original  and  MLC  shifted  plans  for  the  Novalis 
TX  machine  (2.5  mm  MLC).  For  prostate  movements  of  2, 
4,  and  8  mm  in  the  longitudinal  direction,  the  corresponding 
adaptive  plans  shifted  MLC  leaves  by  one  leaf  width,  two  leaf 
widths,  and  three  leaf  widths,  respectively.  Dose  differences 
mainly  occurred  in  high  dose  gradient  regions,  and  the  pat¬ 
terns  were  similar  among  all  shifted  plans.  The  results  ob¬ 
served  were  similar  for  plans  with  5  and  10  mm  MLCs  in  the 
Artiste  and  Synergy  machines. 

Table  V  shows  the  percentage  of  pixels  whose  point  dose 
differences  between  the  measurement  and  calculation  were 
less  than  3%  and  5%  of  the  maximum  dose  for  the  original 
IMRT  plans  and  the  MLC  shifted  plans  of  the  three  MLC 
leaf  widths.  For  a  specific  MLC  leaf  width,  the  percentages 
of  pixels  with  point  dose  differences  being  less  than  3%  or 
5%  were  almost  the  same  for  the  original  IMRT  plan  and  the 
MLC  shifted  plans,  indicating  that  the  shifted  plans  achieved 
similar  accuracy  as  the  original  plan. 


IV.  DISCUSSION 

The  dosimetric  impact  of  MLC  leaf  width  on  treatment 
planning  has  been  investigated  by  several  groups.  Smaller 
MLC  leaf  widths  improve  dose  conformity,  tumor  coverage, 
and  critical  organ  sparing  significantly,  especially  when  the 
tumor  volume  is  relatively  small,  or  the  tumor  is  adjacent  to 
(or  partially  overlapping  with)  critical  structures.4,7  However, 
the  benefits  are  small  and  the  clinical  relevance  remains  to  be 
proven. 

In  this  study,  the  effect  of  MLC  leaf  width  on  treatment 
adaptation  for  concurrent  treatment  of  the  prostate  and  pelvic 
lymph  nodes  using  the  MLC  leaf  shifting  algorithm  was  stud¬ 
ied  by  comparing  dosimetric  endpoints  of  different  MLC  leaf 
widths.  The  daily  dose  distribution  is  a  combined  result  of  the 


Table  V.  The  percentages  of  pixels  with  dose  differences  between  the  mea¬ 
surement  and  calculation  being  less  than  3%  and  5%  of  the  maximum  dose. 


Original  (%) 

2  mm  (%) 

4  mm  (%) 

8  mm  (%) 

<3 

<5 

<3 

<5 

<3 

<5 

<3 

<5 

2.5  mm  MLC 

85.9 

94.8 

86.6 

95.1 

86.2 

94.5 

86.1 

95.1 

5  mm  MLC 

82.5 

92.8 

84.3 

92.8 

83.4 

92.8 

10  mm  MLC 

70.5 

88.5 

67.4 

86.0 
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Fig.  7 .  Isodose  line  differences  and  absolute  dose  differences  between  the  measured  and  calculated  planar  doses  for  the  original  and  shifted  plans  corresponding 
to  prostate  movements  of  2,  4,  and  8  mm  in  the  longitudinal  direction  for  the  Novalis  TX  machine. 


original  plan  quality  and  the  effect  of  the  treatment  adaptation 
in  compensating  for  the  prostate  movement.  To  isolate  the  im¬ 
pact  of  MLC  leaf  width  on  the  adaptive  method  from  the  ini¬ 
tial  plan  quality,  all  dosimetric  endpoints  were  normalized  to 
the  corresponding  planned  values  in  order  to  minimize  the 
influence  originated  from  the  variation  of  plan  quality.  There¬ 
fore,  the  differences  resulting  from  the  dose  distributions  sug¬ 
gested  the  effect  of  leaf  width  on  the  treatment  adaptation  al¬ 
gorithm  alone. 

The  treatment  adaptation  was  based  on  the  actual  prostate 
shifts  in  three  directions.  Since  the  MLC  leaves  were  always 
shifted  by  the  nearest  number  of  leaf  widths  to  compensate 
the  prostate  movement  in  the  longitudinal  direction,  over-  or 
undercompensation  may  be  resulted  depending  on  the  mag¬ 
nitude  of  the  movement  in  this  direction  and  the  leaf  width 
of  the  MLC  for  the  adaptive  plans.  The  dosimetric  and  de¬ 
livery  impacts  of  the  MLC  leaf  width  for  the  prostate  and 
pelvic  lymph  nodes  were  studied.  For  this  group  of  patients 
with  the  absolute  magnitude  of  the  prostate  movement  in  the 
longitudinal  direction  of  3.2  zb  2.0  mm,  adaptive  plans  from 
2.5  and  5  mm  MLCs  had  inadequate  dose  coverage  to  the 
prostate  (D99  <  97%,  or  Dme an  <  99%  of  the  planned  dose) 
in  6%-8%  of  the  fractions,  while  adaptive  plans  from  10  mm 
MLC  led  to  inadequate  dose  coverage  to  the  prostate  in  25.3% 
of  the  fractions  (Table  II).  The  average  V56Gy  of  the  prostate 
over  the  six  patients  was  improved  by  6.4%  (1.6%-32.7%) 
and  5.8%  (1 .5%— 35.7%)  with  2.5  and  5  mm  MLC  adaptive 
plans,  respectively,  when  compared  with  10  mm  MLC  adap¬ 
tive  plans  (Table  III).  The  benefit  of  switching  the  MLC  from 
10  to  5  mm  was  significant  ( p  0.01);  however,  switch¬ 
ing  the  MLC  from  5  to  2.5  mm  would  not  significantly  im¬ 
prove  the  prostate  coverage  ( p  =  0.15).  According  to  Bortfeld 


et  al.}1  the  optimal  leaf  width  in  a  MLC  treatment  is  of  the 
order  of  the  20%-80%  penumbra  width  divided  by  1.7.  For 
a  typical  10  MV  beam  with  a  penumbra  width  of  7-9  mm 
(measured  from  our  Novalis  TX  machine),  the  optimal  leaf 
width  is  in  the  range  of  4-5.5  mm.  This  prediction  sets  a  the¬ 
oretical  limit  for  the  MLC  leaf  width  from  a  physical  point 
of  view.  Further  reduction  of  the  leaf  width  does  not  lead  to 
physical  improvements  of  the  dose  distribution.  Our  observa¬ 
tion  of  adaptive  plans  from  5  mm  MLC  achieved  better  results 
than  adaptive  plans  from  10  mm  MLC  while  similar  benefit  as 
adaptive  plans  from  2.5  mm  MLC  agreed  well  with  this  theo¬ 
retical  prediction  by  Bortfeld  et  al.11 

The  dose  coverage  to  pelvic  lymph  nodes  was  not  affected 
by  MLC  leaf  width,  as  small  differences  were  observed  for 
D99,  Anean,  and  V5o.4Gy  among  the  three  types  of  MLC  shifted 
plans.  This  is  understandable  because  the  MLC  leaf  shift¬ 
ing  method  does  not  change  the  positions  of  the  MLC  leaf 
pairs  covering  the  nodal  volumes,  which  is  due  to  the  fact 
that  pelvic  lymph  nodes  are  relatively  stable  in  relation  to  the 
pelvic  bones.  The  MLC  leaf  width  had  negligible  effect  on 
the  pelvic  lymph  nodes  from  adaptive  plans.  This  observation 
may  not  apply  to  the  classical  isocenter  shifted  plans. 

OAR  sparing  had  a  small  difference  among  adaptive  plans 
from  2.5,  5,  and  10  mm  MLCs.  This  seems  implausible  as 
many  other  planning  studies  have  shown  that  smaller  MLC 
has  beneficial  impact  on  critical  organ  sparing.  However,  it 
should  be  noted  that  in  our  study  the  dosimetric  endpoints 
were  normalized  to  the  corresponding  values  of  the  initial 
IMRT  plan  for  each  MLC  width.  The  OAR  sparing  differ¬ 
ences  among  MLCs,  as  well  as  other  aspects  of  the  plan  qual¬ 
ities,  were  eliminated.  Our  other  studies  have  shown  that  the 
MLC  leaf  shifting  method  delivered  comparable  doses  to  the 


Medical  Physics,  Vol.  40,  No.  6,  June  2013 


061701-8  Shang  et  al.:  MLC  width  on  treatment  adaptation  and  accuracy 


061701-8 


Column  A  (2.5mm-MLC) 


Column  B  (lOmm-MLC) 


(b) 


20  40  60  80  100  120  140  160  180  200  220 


(b)  220 

200 
180 
160 
140 
120 
100 
80 
60 
40 
20 

20  40  60  80  100  120  140  160  180  200  220 


Fig.  8.  Dose  metrics,  including  (a)  isodose  line  differences,  (b)  absolute  dose  differences  (3%),  (c)  DTA  (3  mm),  and  (d)  gamma  index  (3%/3  mm)  between 
measurements  and  calculations  of  the  original  IMRT  plans  from  (A)  2.5  mm  MLC  and  (B)  10  mm  MLC.  Areas  in  bright  color  indicate  points  in  the  planar  dose 
that  fail  the  criterion  of  each  dose  metric. 
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bladder  and  rectum  as  the  method  of  shifting  the  isocenter,  ei¬ 
ther  by  aligning  to  the  pelvic  bones  or  aligning  to  the  prostate 
contour.  This  study  further  indicated  that  similar  OAR  spar¬ 
ing  could  be  achieved  with  adaptive  plans  from  2.5,  5,  and 
10  mm  MLCs  using  the  MLC  leaf  shifting  method. 

The  MLC  shifted  plans  can  be  accurately  delivered  on  all 
three  linear  accelerators,  which  was  suggested  by  a  gamma 
passing  rate  above  90%  for  each  MLC  leaf  width.  It  was 
noted  that  the  percentage  of  pixels  with  point  dose  differ¬ 
ences  greater  than  3%  or  5%  increased  as  the  MLC  leaf  width 
increased  (Table  V).  Figure  8  shows  the  isodose  line  dif¬ 
ferences,  absolute  dose  differences  (3%),  DTA  (3  mm),  and 
gamma  index  (3%/3  mm)  between  the  measurement  and  cal¬ 
culation  of  the  original  IMRT  plans  from  2.5  and  10  mm 
MLCs.  Areas  in  bright  color  indicate  points  in  the  planar 
dose  that  fail  the  criterion  of  each  dose  metric.  It  was  ob¬ 
served  that  points  with  dose  differences  greater  than  3%  were 
located  mainly  at  the  high  dose  gradient  regions,  indicating 
that  the  MLC  leaf  width  could  have  a  direct  impact  on  dose 
distributions  in  these  regions.  In  general,  IMRT  plans  from 
2.5  mm  MLC  have  a  better  plan  conformity  and  faster  dose 
fall-off  in  the  high  dose  gradient  regions  when  compared  to 
IMRT  plans  from  10  mm  MLC,  as  shown  by  the  planning 
isodose  line  differences  in  Fig.  8(a).  Therefore,  the  percentage 
of  points  with  dose  differences  greater  than  3%  was  lower  for 
plans  from  2.5  mm  MLC  [Fig.  8(b)].  Less  steep  dose  gradi¬ 
ent  associated  with  plans  from  10  mm  MLC  also  led  to  lower 
DTA  (3  mm)  passing  rate  in  regions  where  dose  differences 
were  greater  than  3%  [Fig.  8(c)].  As  an  overall  result,  IMRT 
plans  from  10  mm  MLC  had  a  relatively  lower  gamma  (3%/ 
3  mm)  passing  rate  than  plans  from  2.5  mm  MLC  [Fig.  8(d) 
and  Table  IV] .  In  conclusion,  IMRT  plans  with  smaller  MLC 
leaf  widths  achieved  more  accurate  dose  delivery. 

The  presented  results  were  for  the  concurrent  treatment 
of  the  prostate  and  pelvic  lymph  nodes.  Tumors  with  similar 
characteristic  of  independent  movements  but  smaller  volumes 
might  benefit  more  when  using  2.5  or  5  mm  MLCs. 

This  adaptive  algorithm  is  currently  not  applicable  clini¬ 
cally  because  it  will  require  a  new  feature  in  the  Record  and 
Verify  system  to  allow  the  user  to  change  the  MLC  leaf  posi¬ 
tions  prior  to  treatment  at  the  treatment  console.  It  is  our  at¬ 
tempt  to  verify  that  this  adaptive  algorithm  has  a  potential  for 
a  quick  adaptation  although  other  logistic  issues  such  as  the 
pretreatment  quality  assurance  remain  to  be  resolved.  The  ad¬ 
vantage  of  this  MLC  leaf  shifting  algorithm  is  that  it  does  not 
require  a  real  time  dose  calculation,  because  the  leaf  opening 
for  each  leaf  pair  is  unchanged  while  the  small  changes  in  the 
off-axis  factors  introduced  by  shifting  the  MLC  leaves  con¬ 
tribute  a  negligible  change  to  the  dose  distribution,  which  has 
been  investigated  in  the  previous  publication.12 

V.  CONCLUSIONS 

According  to  our  analysis,  dosimetric  advantages  associ¬ 
ated  with  smaller  MLC  leaves  were  observed  in  terms  of  the 


coverage  to  the  prostate  when  the  treatment  was  adapted  to 
account  for  daily  prostate  movement  for  concurrent  irradia¬ 
tion  of  the  prostate  and  pelvic  lymph  nodes.  Smaller  MLC 
leaves  also  achieved  higher  delivery  accuracy.  A  MLC  with 
5  mm  leaf  width  might  be  sufficient  since  any  improvement 
with  a  2.5  mm  MLC  was  relatively  small. 

ACKNOWLEDGMENTS 

This  research  is  supported  in  part  by  the  United 
States  Army  Medical  Research  and  Material  Command 
(USAMRMC,  PC073349).  The  authors  would  also  like  to 
thank  Dr.  Long  Huang  and  Dr.  Han  Liu  for  their  assistance 
in  plan  delivery  and  measurement. 

^Author  to  whom  correspondence  should  be  addressed.  Electronic  mail: 
xiap@ccf.org;  Telephone:  (216)  444-1938;  Fax:  (216)  444-8934. 

1H.  D.  Kubo,  R.  B.  Wilder,  and  C.  T.  E.  Pappas,  “Impact  of  collimator  leaf 
width  on  stereotactic  radiosurgery  and  3D  conformal  radiotherapy  treat¬ 
ment  plans,”  Int.  J.  Radiat.  Oncol.,  Biol.,  Phys.  44,  937-945  (1999). 

2J.  E.  Monk,  J.  R.  Perks,  D.  Doughty,  and  P.  N.  Plowman,  “Comparison 
of  a  micro-multileaf  collimator  with  a  5-mm-leaf-width  collimator  for  in¬ 
tracranial  stereotactic  radiotherapy,”  Int.  J.  Radiat.  Oncol.,  Biol.,  Phys.  57, 
1443-1449  (2003). 

3  J.  B.  Fiveash,  H.  Murshed,  J.  Duan,  M.  Hyatt,  J.  Caranto,  J.  A.  Bonner,  and 
R.  A.  Popple,  “Effect  of  multileaf  collimator  leaf  width  on  physical  dose 
distributions  in  the  treatment  of  CNS  and  head  and  neck  neoplasms  with 
intensity  modulated  radiation  therapy,”  Med.  Phys.  29,  1116-1119  (2002). 
4M.  S.  Ding,  F.  Newman,  C.  H.  Chen,  K.  Stuhr,  and  L.  E.  Gaspar,  “Dosi¬ 
metric  comparison  between  3DCRT  and  IMRT  using  different  multileaf 
collimators  in  the  treatment  of  brain  tumors,”  Med.  Dosim.  34,  1-8  (2009). 
5  J.  H.  Chang,  K.  M.  Yenice,  K.  L.  Jiang,  M.  Hunt,  and  A.  Narayana,  “Effect 
of  MLC  leaf  width  and  PTV  margin  on  the  treatment  planning  of  intensity- 
modulated  stereotactic  radiosurgery  (Imsrs)  or  radiotherapy  (Imsrt),”  Med. 
Dosim.  34,  110-116  (2009). 

6E.  Abe,  T.  Mizowaki,  Y.  Norihisa,  Y.  Narita,  Y.  Matsuo,  M.  Narabayashi, 
Y.  Nagata,  and  M.  Hiraoka,  “Impact  of  multileaf  collimator  width  on 
intraprostatic  dose  painting  plans  for  dominant  intraprostatic  lesion  of 
prostate  cancer,”  J.  Appl.  Clin.  Med.  Phys.  11,  144-154  (2010). 

7J.  Y.  Jin,  F.  F.  Yin,  S.  Ryu,  M.  Ajlouni,  and  J.  H.  Kim,  “Dosimetric  study 
using  different  leaf- width  MLCs  for  treatment  planning  of  dynamic  confor¬ 
mal  arcs  and  intensity-modulated  radiosurgery,”  Med.  Phys.  32,  405-411 
(2005). 

8Z.  van  Kesteren,  T.  M.  Janssen,  E.  Damen,  and  C.  van  Vliet-Vroegindeweij, 
“The  dosimetric  impact  of  leaf  interdigitation  and  leaf  width  on  VMAT 
treatment  planning  in  Pinnacle:  Comparing  Pareto  fronts,”  Phys.  Med.  Biol. 
57,  2943-2952  (2012). 

9L.  Wang,  B.  Movsas,  R.  Jacob,  E.  Fourkal,  L.  Chen,  R.  Price,  S. 
Feigenberg,  A.  Konski,  A.  Pollack,  and  C.  Ma,  “Stereotactic  IMRT  for 
prostate  cancer:  Dosimetric  impact  of  multileaf  collimator  leaf  width  in 
the  treatment  of  prostate  cancer  with  IMRT,”  J.  Appl.  Clin.  Med.  Phys.  5, 
29-41  (2004). 

10V.  W.  Wu,  “Effects  of  multileaf  collimator  parameters  on  treatment 
planning  of  intensity-modulated  radiotherapy,”  Med.  Dosim.  32,  38-43 
(2007). 

nT.  Bortfeld,  U.  Oelfke,  and  S.  Nill,  “What  is  the  optimum  leaf  width  of  a 
multileaf  collimator?,”  Med.  Phys.  27,  2494-2502  (2000). 

12E.  Ludlum,  G.  W.  Mu,  V.  Weinberg,  M.  Roach,  L.  J.  Verhey,  and  P.  Xia, 
“An  algorithm  for  shifting  MLC  shapes  to  adjust  for  daily  prostate  move¬ 
ment  during  concurrent  treatment  with  pelvic  lymph  nodes,”  Med.  Phys. 
34,  4750-4756  (2007). 

13 P.  Xia,  P.  Qi,  A.  Hwang,  E.  Kinsey,  J.  Pouliot,  and  M.  Roach,  “Comparison 
of  three  strategies  in  management  of  independent  movement  of  the  prostate 
and  pelvic  lymph  nodes,”  Med.  Phys.  37,  5006-5013  (2010). 


Medical  Physics,  Vol.  40,  No.  6,  June  2013 


Appendix  L 


Multi-adaptive  Plan  (MAP)  IMRT  to  Accommodate  Independent  Movement  of  the  Prostate  and  Pelvic 
Lymph  Nodes 

Ping  Xia,  Peng  Qi,  Jean  Pouliot,  and  Mack  Roach 

Purpose:  Concurrent  irradiation  of  the  prostate  and  pelvic  lymph  nodes  is  technically  challenging  due  to 
treating  one  moving  target  and  one  immobile  target.  Real  time  planning  would  be  an  ideal  method,  but 
this  method  is  not  clinically  feasible  due  to  many  technical  and  logistical  challenges.  The  purposes  of  this 
project  are  to  propose  a  new  management  strategy  and  to  compare  this  strategy  with  the  conventional 
isocenter  shifting  method  using  retrospectively  created  real  time  plans  as  a  benchmark. 


Methods/Materials:  The  proposed  new  management  strategy,  referred  to  as  Multiple  Adaptive  Plans 
(MAP),  is  to  create  a  pool  of  plans  for  several  most  likely  prostate  locations.  Since  the  prostate  often 
moves  in  the  anterior/posterior  and  superior/inferior  directions,  for  each  patient,  nine  MAP  plans  are 
considered  to  accommodate  prostate  movements  of  0.5  cm  in  one  or  two  of  these  directions.  Without 
requiring  any  additional  hardware  or  software,  the  MAP  strategy  is  to  choose  a  plan  from  the  pool  that 
most  closely  matches  to  the  "prostate  position  of  the  day".  This  prostate  position  can  be  determined  by 
dual  image  registrations:  one  aligned  to  the  implant  markers  in  the  prostate  and  the  other  aligned  to  the 
pelvic  bones.  To  validate  effectiveness  of  this  strategy,  from  treatment  data  of  six  patients,  seventeen 
daily  megavoltage  cone  beam  CTs  (MV-CBCT)  that  demonstrated  large  prostate  movements  of  0.4  cm  to 
0.8  cm  were  selected  for  this  study.  For  each  patient,  based  on  the  detected  prostate  movements,  one 
of  9  MAP  plans  was  retrospectively  selected  for  treatment.  The  selected  MAP  plan  was  then  applied  to 
the  corresponding  MV-CBCT  to  calculate  the  dose  delivery.  Based  on  these  MV-CBCTs,  iso-center 
shifting  plans  and  retrospective  real-time  plans  were  also  created  for  these  treatment  days.  Using  these 
real-time  plans  as  the  benchmark,  the  recalculated  MAP  plans  and  the  conventional  iso-center  shifting 
plans  were  compared  in  terms  of  dosimetric  values  of  the  prostate,  pelvic  lymph  nodes,  bladder,  and 
rectum. 

Results:  Of  these  fractions,  the  MAP,  iso-center  shifting,  and  real-time  planning  techniques  resulted  in 
similar  dose  coverage  to  the  prostate.  Correspondingly,  95%  of  the  prostate  volume  would  receive  a 
daily  dose  >  97%  of  the  prescription  dose  in  15, 16,  and  16  fractions.  The  above  techniques  would  result 
in  95%  of  the  pelvic  lymph  node  volume  receiving  a  daily  dose  >  97%  of  the  prescription  dose  in  12,  6, 
and  13  fractions,  respectively.  The  average  doses  to  5%  and  50%  of  the  bladder  (D5,  D50),  relative  to  the 
planned  endpoint  doses,  would  be  93.7%  (62.0%),  97.1%  (63.2%),  and  92.2%  (62.9%),  respectively.  The 
average  D5  (D50)  of  the  rectum  relative  to  the  planned  endpoint  doses  would  be  92.9%  (59.6%),  92.5% 
(58.7%),  and  89.8%  (55.8%),  respectively. 


Conclusion:  Using  of  the  MAP  technique  with  9  pre-created  plans,  which  accommodate  for  independent 
prostate  shifts,  can  achieve  our  treatment  goals  for  the  treatment  of  high-risk  prostate  cancer. 

Impact:  The  proposed  MAP  strategy  can  be  directly  applied  into  clinical  practice  immediately  although  it 
may  require  extra  effort  in  treatment  planning.  Our  future  research  will  seek  a  solution  to  minimize  this 
planning  effort. 


